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1.  Introduction 


This  report  documents  the  results  of  laboratory  testing  of  the  bare  die  of  14  radio  frequency  (RF) 
integrated  circuit  (RFIC)  chips  designed  to  enhance  the  performance  of  the  front  end  of  a  low- 
power  RF  identification  (RFID)  tag.  The  designs  and  all  simulation  results  presented  in  this 
report  were  documented  in  a  previous  report'.  The  first  pass  of  these  designs  were  done  on 
gallium  arsenide  (GaAs)  with  the  intention  of  transitioning  them  to  silicon  germanium  (SiGe)  for 
use  in  software  controlled  radio  architectures.  The  GaAs  results  should  provide  a  benchmark  for 
comparison  to  future  SiGe  designs,  and  also  allow  the  design  engineers  to  work  out  any 
perceived  issues  and  optimize  the  design  on  a  semiconductor  material  that  has  better  properties  at 
microwave  frequencies. 


2.  Description  of  RFIC  Booster  Chip 


The  RFIC  booster  chip  incorporates  four  different  elements:  the  binary  phase  shift  keying 
(BPSK)  modulator,  the  power  amplifier  (PA),  the  transmit/receive  (TR)  switch,  and  the  low- 
noise  amplifier  (LNA).  The  goal  of  the  design  is  to  optimize  tradeoffs  between  gain  and  power 
added  efficiency  (PAE)  in  the  PA  for  higher  transmit  power,  and  between  the  gain  and  noise 
figure  (NF)  in  the  LNA  to  increase  receiver  sensitivity.  For  best  performance,  the  PA  should 
achieve  a  gain  of  at  least  20  dB  while  maintaining  a  PAE  of  better  than  50%,  and  the  LNA 
should  achieve  a  NF  of  less  than  2  dB  with  a  gain  of  15  dB  or  better.  These  benchmarks  will  be 
difficult  to  achieve  due  to  the  inherent  tradeoffs  discussed  above.  By  achieving  these  two  goals, 
the  RFIC  booster  chip  should  increase  the  communication  range  between  two  low-power  RF 
devices  in  the  following  frequency  bands:  450,  900,  and  2400  GHz. 

Certain  designs  have  additional  features,  such  as  a  current  mirror  that  acts  to  produce  consistent 
results  over  a  wider  range  of  DC  input  power  levels.  Also,  additional  gate  enable  inputs  for  the 
PA  and  LNA  serve  to  provide  better  isolation  between  the  transmit  and  receive  stages.  The 
effects  of  the  inclusion  of  these  additional  elements,  as  well  as  how  their  results  bear  on  their 
inclusion  in  future  design  spins,  are  discussed  in  their  appropriate  sections. 


'  Mitchell,  G.;  Penn,  J.  Preliminary  Gallium  Arsenide  (GaAs)  Integrated  Circuit  Design  for  Radio  Frequency  Booster  Chips 
at  450,  900,  and  2400  MHz-,  ARL-TR-4970;  U.S.  Army  Research  Laboratory:  Adelphi,  MD,  September  2009. 
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3.  Experimental  Results  of  RFIC  Booster  Chip  Designs 


3,1  ARL01M900  -  Cascaded  Narrowband  BPSK  Modulator  and  PA  Design  at  900  MHz 

This  design  is  a  narrowband  900-MHz  cascaded  BPSK  modulator  and  PA  with  a  separate 
broadband  LNA  on  a  1 .66x1 .52  mm  die;  however,  the  LNA  tested  was  a  little  low  in  gain  due  to 
a  low  DC  bias  current.  Only  the  gain  and  NF  of  that  LNA  measurement  are  shown.  Flowever, 
the  design  is  similar  to  the  LNA  in  another  design  variation  (ARL04M900),  which  was  measured 
with  the  expected  gain  and  DC  bias  current.  The  BPSK  modulator  has  a  negative  DC  OFF  state 
of  approximately  -3.0  V  and  a  ON  state  of  0.0  V  to  activate  the  A  and  B  control  pins,  while  the 
PA  has  a  +2.7  to  +3.0  V  supply  voltage.  The  results  of  this  design  give  a  benchmark  of  what  to 
expect  for  the  cascaded  BPSK  modulator  and  PA  without  the  TR  switch  at  this  frequency.  This 
will  help  designers  optimize  the  design  of  the  TR  switch  to  produce  the  least  possible 
degradation  to  the  transmit  stage  of  the  chip.  Figure  1  shows  a  representation  of  the  layout  for 
the  bare  die  that  was  measured. 


Figure  1 .  Layout  for  cascaded  BPSK  modulator  and  PA  at  900  MHz. 

Figures  2  and  3  show  the  simulated  versus  measured  results  for  the  S-parameters  of  the  cascaded 
BPSK  modulator  and  PA  in  both  modulation  states  for  a  2.1 -N  DC  input  voltage.  Both  states 
show  very  good  agreement  with  simulated  results  at  900  MFlz  with  a  small  shift  in  frequency 
between  measured  and  simulated  S-parameters.  The  small  differences  may  be  due  to  ignoring 
the  effects  of  interconnects  between  the  main  components  of  the  designs  at  these  relatively  low 
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frequencies.  State  A  has  a  measured  SI  1  of-19.67  dB,  which  is  better  than  a  simulation  of 
approximately -13.5  dB,  while  the  state  B  measurement  is  -12.13  dB  versus  a  simulation  of 
approximately -10.0  dB.  The  measured  S21  of  state  A  is  14.9  dB  and  state  B  is  13.9  dB.  These 
measurements  match  the  simulation  well  with  5  dB  of  loss  in  gain  coming  from  the  BPSK 
modulator  and  an  additional  3-dB  attenuator.  The  attenuator  is  needed  to  minimize  degradation 
of  the  return  loss  when  the  BPSK  modulator  and  PA  are  combined.  The  measured  S22  is 
approximately  -8.6  and  -8.9  dB  in  the  two  states  and  both  closely  match  simulations. 
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Figure  2.  Measured  versus  simulated  S-parameters  for  cascaded  BPSK  modulator  and  PA  for 
2.7-V  DC  in  state  A  at  900  MHz.  Dashed  lines  are  simulated  and  solid  lines  are 
measured  data  points. 
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Figure  3.  Measured  versus  simulated  S-parameters  for  cascaded  BPSK  modulator  and  PA  for 

2.7-V  DC  in  state  B  at  900  MHz.  Dashed  lines  are  simulated  and  solid  lines  are  measured 
data  points. 


Figure  4  shows  the  measured  versus  simulated  results  for  the  phase  differenee  of  the  two 
modulation  states  of  the  BPSK  modulator.  A  BPSK  modulator  should  have  a  180°  phase 
difference  and,  at  900  MHz,  the  measured  phase  difference  is  181.3°  versus  a  simulated  value  of 
-179.0°.  An  ideal  modulator  would  have  a  180°  phase  difference  between  the  two  modulation 
states  at  the  design  frequency.  Given  the  range  of  error  in  the  measurement,  this  is  an  excellent 
result  for  this  design. 
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Figure  4.  Measured  versus  simulated  phase  of  eascaded  BPSK  modulator  and  PA  for 
2.7  V  in  at  900  MHz.  Pink  is  simulated  and  blue  is  measured  data  points. 


Figure  5  show  the  measured  results  for  gain,  output  power,  and  PAE  versus  input  power  for  a 
2.7  V,  3.0  V,  respeetively.  As  expeeted,  the  output  power  and  PAE  increase  with  input  power, 
but  there  is  a  tradeoff  between  increasing  PAE  and  decreasing  gain. 
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Figure  5.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  caseaded  BPSK  modulator 
and  PA  for  2.7  and  3.0  V  at  900  MHz. 


Table  1  gives  the  results  for  a  DC  bias  of  2.7  V  and  19  mA  and  table  2  gives  the  results  for  a  DC 
bias  of  3.0  V  and  27  mA.  The  input  and  output  power  levels  have  been  corrected  for  cable 
insertion  losses  in  the  measurement  setup.  Table  1  shows  a  PAE  of  58.0%  at  the  beginning  of  a 
3-dB  compression  for  a  DC  power  of  only  83.7  mW  (2.7  V)  and  table  2  shows  a  PAE  of  62.0% 
for  a  DC  power  of  105.0  mW  (3.0  V). 

Table  1.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  cascaded  BPSK  modulator  and  PA 
for  2.7  Vat  900  MHz. 
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Table  2.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  cascaded  BPSK  modulator  and  PA 
for  3.0  V  at  900  MHz. 
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The  broadband,  higher  current  LNA  design  had  a  gain  shape  with  frequency  and  NF  that  is 
similar  to  the  simulations.  Since  the  LNA  is  similar  to  another  design  (ARL04M900),  which 
was  measured  to  have  the  expected  gain  and  DC  bias,  the  particular  die  or  measurement  may 
have  been  an  anomaly.  Figure  6  shows  the  gain  and  NF  versus  simulations  of  the  LNA. 


18 

17 

16 

15 

14 

13 

12 

11 

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

0 


0.6 


LNA1  3.6V 


NFADS 

GainADS 

NFCorr 

GainCorr 

NFCorrNB 

GainCorrNB 


. 


. ♦ 


0.8 


1.0 


1.2 


1.4 


1.6 


Freq 


Figure  6.  The  broadband  behavior  of  the  LNA  gain  and  NF  from  0.6-1. 6  GHz. 

The  measured  results  of  the  bare  die  tests  for  this  design  are  very  promising,  because  they  show 
the  potential  to  achieve  a  PAE  of  greater  than  50%  at  an  RF  input  power  of  less  than  3  mW. 
Also,  the  input  and  output  matches  of  the  cascaded  transmit  stage  and  a  phase  difference  of 
nearly  180°  for  the  two  modulation  states  are  within  acceptable  limits.  The  small  signal  gains 
are  ~15.0  dB  using  a  PA  design  with  20  dB  of  gain  due  to  losses  introduced  by  the  BPSK 
modulator  and  attenuator  at  the  input  of  the  PA.  If  a  higher  gain  is  desired,  an  extra  gain  stage 
would  have  to  be  added  to  the  PA  design,  which  might  result  in  a  small  degradation  of  the  PAE. 
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Also,  these  results  are  in  absenee  of  the  TR  switch,  which  will  further  degrade  the  performance 
to  some  degree. 

3,2  ARL02M450  -  Cascaded  Narrowband  BPSK  Modulator  and  PA  Design  at  450  MHz 

This  design  is  a  narrowband  450-MHz  cascaded  BPSK  modulator  and  PA  on  a  1.66x1.52  mm 
die.  All  the  characteristics  of  this  design  are  similar  to  those  for  design  ARL01M900  except  that 
the  performance  is  intended  to  be  optimized  at  450  MHz.  Again,  the  purpose  of  this  design  is  to 
give  a  benchmark  for  the  performance  of  the  transmit  stage  in  absence  of  the  TR  switch.  Also,  at 
the  lower  450-MHz  frequency,  only  the  BPSK  modulator  and  PA  would  fit  into  the  smaller 
68x65  mil  die  intended  for  a  3x3  mm  package.  A  larger  die  size  was  needed  to  integrate 
additional  design  blocks  such  as  the  TR  switch  and  LNA  at  450  MHz.  Figure  7  shows  a 
representation  of  the  layout  for  the  bare  die  that  was  measured. 


Figure  7.  Layout  for  narrowband  cascaded  BPSK  modulator  and  PA  at  450  MHz. 

Figures  8  and  9  show  the  simulated  versus  measured  results  for  the  S-parameters  of  the  cascaded 
BPSK  modulator  and  PA  in  both  modulation  states  for  a  3.0-V  DC  input  voltage.  Both  states 
show  excellent  agreement  with  simulated  results  at  450  MHz.  A  small  shift  in  frequency 
between  measured  and  simulated  S-parameters  might  be  expected  since  the  effects  of 
interconnects  between  the  main  components  of  the  design  were  not  included  in  the  simulations. 
State  A  has  a  measured  SI  1  of-16.57  dB,  which  is  close  to  the  simulation  of  approximately 
-15.0  dB,  while  the  state  B  measurement  is  -9.9  dB  versus  a  simulation  of  approximately  the 
same  magnitude.  The  measured  S21  of  state  A  is  15.33  dB  and  state  B  is  15.76  dB.  These 
measurements  match  the  simulation  well  with  5  dB  of  loss  in  gain  coming  from  the  BPSK 
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modulator  and  an  additional  3-dB  attenuator  element.  The  attenuator  is  needed  to  minimize 


degradation  of  the  return  loss  when  the  BPSK  modulator  and  PA  are  combined.  A  measured  S22 
of  approximately  -8.05  and  -9.0  dB  in  the  two  states  closely  matches  simulations.  Overall,  this 
design  is  comparable  to  the  900  MHz  design  of  section  3.1.  Also,  the  design  takes  up  more  area 
on  the  chip  since  the  reactive  elements,  particularly  the  spiral  inductors,  get  larger  at  lower 


frequencies. 
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Figure  8.  Measured  versus  simulated  S-parameters  for  cascaded  BPSK  modulator  and  PA  for 
3.0  V  DC  in  state  A  at  450  MHz.  Dashed  lines  are  simulated  and  solid  lines  are 
measured  data  points. 
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Figure  9.  Measured  versus  simulated  S-parameters  for  caseaded  BPSK  modulator  and  PA 
for  3.0  V  DC  in  state  B  at  450  MHz.  Dashed  lines  are  simulated  and  solid  lines 
are  measured  data  points. 


Figure  10  shows  the  measured  versus  simulated  results  for  the  phase  differenee  of  the  two 
modulation  states  of  the  BPSK  modulator.  At  450  MHz,  the  measured  phase  difference  is  174.2° 
versus  a  simulated  value  of -178.5°.  An  ideal  modulator  would  have  a  180°  phase  difference 
between  the  two  modulation  states  at  the  design  frequency.  Given  the  errors  in  measurement  and 
process  variation,  a  measured  phase  difference  less  than  10°  should  be  within  operational  limits. 
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Figure  10.  Measured  versus  simulated  phase  of  cascaded  BPSK  modulator  and  PA 

for  3.0  V  in  at  450  MHz.  Pink  is  measured  and  blue  is  simulated  data  points. 

Figure  1 1  shows  the  measured  results  for  gain,  output  power,  and  PAE  versus  input  power  for  a 
3.0  V  and  14  mA  DC  bias.  As  expeeted,  the  output  power  and  PAE  inerease  with  input  power, 
but  there  is  a  tradeoff  between  inereasing  PAE  and  deereasing  gain. 
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Figure  11.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  cascaded  BPSK  modulator  for 
3.0  Vat  450  MHz. 


Table  3  gives  the  results  for  a  DC  bias  of  3.0  V  and  14  mA.  The  input  and  output  power  levels 
have  been  corrected  for  cable  insertion  losses  in  the  measurement  setup.  Table  3  shows  a  PAE 
of  46.8%  at  the  beginning  of  a  3-dB  compression  for  an  RE  input  power  of  ~6  mW  and  a  small 
signal  gain  of  13.25  dB.  The  PAE  is  acceptable  but  the  amplifier  may  need  an  extra  gain  stage, 
which  might  result  in  a  small  degradation  of  the  PAE. 

Table  3.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  cascaded  BPSK  modulator  and  PA 
for  3.0  V  at  900  MHz. 


450  MHz 

Die#1 

PA450MHZ  Bnode  ARL  Hie  2  TQPB) 

3V ;  14  mA 

0.75  dB  ttiiu  loss 

Pin(SG) 

Pout(SA) 

Pin{coii) 

Poul(coiT]Gain  I1(3V) 

PDC(mw) 

Poul(mw)DmE]r  PAE 

-10.0 

2.50 

-10.38 

2.88 

13.25 

14 

42.0 

1.94 

4.6 

4.4 

^0 

433 

^38 

471 

1308 

14 

420 

295 

70 

67 

-6.0 

6.00 

-6.38 

6.38 

12.75 

14 

42.0 

4.34 

10.3 

9.8 

-40 

733 

-4  38 

771 

1208 

15 

450 

590 

131 

123 

-2.0 

8.33 

-2.38 

8.71 

11.08 

15 

45.0 

7.42 

16.5 

15.2 

00 

1033 

4)38 

1071 

1108 

17 

51  0 

11  76 

231 

21.3 

2.0 

12.50 

1.63 

12.88 

11.25 

19 

57.0 

19.39 

34.0 

31.5 

40 

1433 

3j63 

1471 

11j08 

24 

72.0 

29.55 

410 

37  j8 

6.0 

15.50 

5.63 

15.88 

10.25 

27 

81.0 

38.68 

47.8 

43.2 

80 

1617 

7.63 

1655 

8.92 

28 

84.0 

45.13 

537 

46J 
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The  measured  results  of  the  bare  die  tests  for  this  design  are  promising,  beeause  they  show  the 
potential  to  aehieve  a  PAE  of  nearly  50%  at  an  RE  input  power  of  less  than  6  mW.  Also,  the 
input  and  output  matehes  of  the  easeaded  transmit  stage  and  a  phase  differenee  of  nearly  175°  for 
the  two  modulation  states  are  within  aeeeptable  limits.  The  small  signal  gains  are  '-'15.5  dB, 
starting  with  a  PA  small  signal  gain  of  ~20  dB,  whieh  is  redueed  due  to  losses  introdueed  by  the 
BPSK  modulator  and  attenuator  at  the  input  of  the  PA.  If  a  higher  gain  is  desired,  the  PA  would 
have  to  be  redesigned  to  take  a  hit  on  the  optimum  PAE.  Also,  these  results  are  in  absenee  of  the 
TR  switeh  and  this  added  element  will  further  degrade  the  performanee  to  some  degree. 

3,3  ARL03M900  -  Narrowband  BPSK  Modulator,  PA,  Narrowband  LNA,  and  TR 
Switch  at  900  MHz 

This  design  is  the  full  RFIC  narrowband  900-MHz  booster  ehip  on  a  1.66x2.41  mm  die.  The 
overall  intent  of  this  design  is  to  measure  how  the  full  transmit  and  reeeive  stages  will  work  as  a 
single  module  in  the  final  RFIC  design.  The  results  of  this  design  is  eompared  to  those  of 
seetion  3.1  to  quantify  how  mueh  of  an  effeet  the  TR  switeh  has  on  the  performanee  of  the 
transmit  stage.  The  added  losses  of  the  TR  switeh  are  expeeted  to  degrade  the  NF  and  the  gain 
of  the  ENA  in  reeeive  mode  as  well  as  the  gain  of  the  PA  in  transmit  mode.  Figure  12  shows  a 
representation  of  the  layout  for  the  bare  die  that  was  measured. 
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Figure  12.  Layout  for  1.66x2.41  mm  narrowband  RFIC  design  at  900  MHz. 

Figures  13  and  14  show  the  simulated  versus  measured  results  for  the  S-parameters  of  the 
transmit  stage  of  the  full  RFIC  ehip  in  both  modulation  states  for  a  3.0-V  DC  input  voltage. 

Both  states  show  fairly  good  agreement  with  simulated  results  at  900  MHz  with  a  small  shift  in 
frequency  between  measured  and  simulated  S-parameters.  The  small  differences  may  be  due  to 
ignoring  the  effects  of  interconnects  between  the  main  components  of  the  designs  at  these 
relatively  low  frequencies.  State  A  has  a  measured  S 1 1  of -15. 34  dB,  which  is  slightly  better 
than  the  simulation  of  approximately -14.5  dB.  The  input  match  of  state  B  is  -10.73  dB,  which 
matches  the  simulation  exactly.  The  measured  S21  of  states  A  and  B  are  13.6  and  13.3  dB, 
which  are  both  ~2  dB  less  than  simulation.  The  gain  for  state  A  is  ~1 .5  dB  less  than  design  one 
but  the  gain  of  state  B  is  only  -0.3  dB  less.  The  measured  S22  is  approximately  -10.76  and 
-10.73  dB  for  the  two  respective  states.  Both  are  better  than  simulation  and  show  about  a  2-dB 
improvement  over  -8.6  and  -8.9  dB  for  design  ARL01M900. 
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Figure  13.  Measured  versus  simulated  S-parameters  of  the  RFIC  transmit  stage  for  3.0  V  DC 
in  state  A  at  900  MHz.  Dashed  lines  are  simulated  and  solid  lines  are  measured 
data  points. 
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Figure  14.  Measured  versus  simulated  S-parameters  of  the  RFIC  transmit  stage  for  3.0  V  DC 
in  state  B  at  900  MHz.  Dashed  lines  are  simulated  and  solid  lines  are  measured 
data  points. 
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Figure  15  shows  the  measured  versus  simulated  results  for  the  phase  differenee  of  the  two 
modulation  states  of  the  BPSK  modulator.  At  900  MHz,  the  measured  phase  difference  is  187.4° 
versus  a  simulated  value  of -179.0°.  An  ideal  modulator  would  have  a  180°  phase  difference 
between  the  two  modulation  states  at  the  design  frequency.  Given  the  errors  in  measurement  and 
process  variation,  a  measured  phase  difference  less  than  10°  should  be  within  operational  limits. 
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Figure  15.  Measured  versus  simulated  phase  difference  of  the  RFIC  transmit  stage 
for  3.0  V  DC  in  at  900  MHz.  Pink  is  measured  and  blue  is  simulated 
data  points. 

Figure  16  shows  a  comparison  in  phase  between  ARL01M900  and  this  design.  This  design 
includes  the  TR  switch  in  the  transmit  stage  while  ARL01M900  does  not.  The  results  show  that 
the  addition  of  the  TR  switch  has  little  effect  on  the  phase  difference  of  the  BPSK  modulator. 
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Figure  16.  Comparison  between  phase  data  of  chip  ARL03M900  and  ARL01M900  at  900  MHz. 
Green  is  results  of  the  full  RFIC  chip  and  blue  is  for  the  transmit  stage  without  the 
TR  switch. 

Figure  17  illustrates  the  tradeoffs  between  gain,  PAE,  and  output  power  as  input  power 
increases.  As  expected,  the  output  power  and  PAE  increase  with  input  power,  but  there  is  a 
tradeoff  between  increasing  PAE  and  decreasing  gain  in  the  PA  circuit. 
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Figure  17.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  cascaded  BPSK  modulator,  PA, 
and  TR  switch  for  3.0-V  input  power  at  450  MHz. 

Table  4  gives  the  results  for  a  DC  bias  of  2.7  V  and  16  mA  and  table  5  gives  the  results  for  a  DC 
bias  of  3.0  V  and  27  mA.  The  input  and  output  power  levels  have  been  corrected  for  cable 
insertion  losses  in  the  measurement  setup.  Table  4  shows  a  PAE  of  32. 1%  at  the  beginning  of  a 
3-dB  compression  for  an  RF  input  power  of  only  4  mW  and  table  5  shows  a  PAE  of  29.6%  for 
an  RF  power  of  4  mW. 

Table  4.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  cascaded  BPSK  modulator  PA,  and  TR 
switch  for  a  2.7-V  DC  input  at  16  mA  at  450  MHz. 


900  MHz 

De#1 

PAMOIMzBnode  ARL  Tile  3  TOPED 

Z7V,  16  mA 

1(l)T1niloss 
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Poiil(SA) 

PinCoMi) 
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POqm^  Paut(m¥^  Dm  BT  PAE 
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1383 

16 
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5.0 
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16 
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3.41 

7.9 

7.6 

^0 
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17 

45.9 

5.21 

114 
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4.0 
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450 

8.83 

1333 

17 
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7.64 

16.6 

15.9 

-ZO 

683 

-Z50 

1633 

1Z83 

18 

48.6 

10.79 

2Z2 

21.0 

0.0 

11.17 

-650 

11.67 

1Z17 

20 

540 

14.69 

27.2 

25.6 

ZO 

1Z33 

1.50 

1Z83 

11.33 

23 

6Z1 

19.19 

30.9 

28.6 

4.0 

1150 

3l50 

1400 

1650 

27 

72.9 

25.12 

34.5 

314 

6.0 

1433 

5i50 

1483 

633 

31 

83l7 

3041 

36.3 

32.1 
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Table  5.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  cascaded  BPSK  modulator  PA,  and  TR 
switch  for  3.0  V  DC  and  27  mA  input  at  900  MHz. 


900  MHz 

Die#1 

PMOOHHz  Bnode  ARL  Tile  3  TGPB) 

3V;27mA 

Pfn(S(^ 

1 

> 

Pin(coii) 

Pou1(coiilGain  lip.0V) 

PDC^w) 

Pout^w)  Dm  BT 

PAE 

-10.0 

3.83 

-10.50 

4.33 

14.83 

23 

69.0 

2.71 

3.9 

3.8 

-80 

583 

^50 

633 

1483 

24 

720 

430 

60 

58 

-6.0 

7.67 

-6.50 

8.17 

14.67 

24 

72.0 

6.56 

9.1 

8.8 

-40 

950 

-4.50 

1000 

14.50 

24 

720 

1000 

139 

134 

-20 

1100 

2.50 

11.50 

1400 

25 

750 

1413 

188 

181 

0.0 

12.33 

4)50 

12.83 

13.33 

26 

78.0 

19.19 

24.6 

23.5 

2.0 

1333 

150 

1383 

1233 

28 

840 

24.15 

288 

27.1 

4.0 

14.33 

3.50 

14.83 

11.33 

32 

96.0 

30.41 

31.7 

29.3 

60 

15.00 

5.50 

15.50 

10.00 

36 

1080 

35.40 

32.9 

29.6 

Figure  18  shows  the  results  obtained  from  the  measurements  of  the  LNA  of  the  reeeive  stage. 
The  measured  NF  of  3.5  dB  is  higher  than  the  expeeted  2. 1  dB  from  simulations,  although  the 
gain  of  the  LNA  is  slightly  higher  than  expeeted.  Some  of  the  additional  NF  is  due  to  the  higher 


Figure  18.  Comparisons  between  measured  and  simulated  data  for  the  LNA  in  absence  of  the  TR  switch. 

The  measured  results  of  the  bare  die  tests  for  this  design  are  not  as  promising,  beeause  they  only 
show  the  potential  to  aehieve  a  PAE  of  -30%  at  an  RF  input  power  of  4  mW.  However,  the 
input  and  output  matehes  of  the  easeaded  transmit  stage,  plus  a  phase  differenee  of  nearly  175° 
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for  the  two  modulation  states  are  within  acceptable  limits.  The  overall  small  signal  transmit 
gains  are  ~13.5  dB,  starting  with  a  PA  with  ~20  dB  small  signal  gain  and  considering  losses 
introduced  by  the  BPSK  modulator,  attenuator  at  the  input  of  the  PA,  and  TR  switch.  If  a  higher 
gain  is  desired,  an  extra  gain  stage  would  have  to  be  added  to  the  PA  design,  which  might 
result  in  a  small  degradation  of  the  PAE.  The  LNA  has  a  gain  of  13.5  dB,  which  is  good 
considering  the  additional  insertion  loss  provided  by  the  TR  switch,  but  this  is  coupled  with  a 
highNF  of~3.5  dB. 

3.4  ARL04M900  -  Broadband  BPSK  Modulator,  PA,  LNA,  and  TR  Switch  at  900  MHz 

This  design  is  a  full  RFIC  900-MHz  booster  chip  on  a  1.66x1.52  mm  die.  The  chip  is  a  similar 
design  to  that  of  ARL03M900  but  with  a  smaller  footprint  and  higher  power  consumption  in  the 
LNA,  which  is  both  broadband  and  higher  in  gain.  The  PA  and  LNA  both  have  the  same  +2.7  to 
+3.0  V  supply  voltage  as  in  section  3.3.  The  intent  of  this  design  is  to  compare  the  results  of  this 
smaller  footprint  to  that  of  section  3.3,  where  the  same  elements  and  operating  frequency  are 
used,  but  the  previous  layout  was  60%  larger.  Figure  19  shows  the  layout  of  the  design  in  a 
1.66x1.52  mm  die  size. 


Figure  19.  Layout  for  1.66x1.52  mm  RFIC  design  at  900  MHz. 

Figures  20  and  21  show  both  states  have  fairly  good  agreement  with  simulated  results  at 
900  MHz  with  some  discrepancy  in  the  S21  measurement  for  both  modulation  states.  State  A 
has  a  measured  SI  1  of-17.605  dB,  which  is  better  than  a  simulation  of  approximately -13.5  dB, 
and  is  better  than  the  -15.34  dB  SI  1  of  design  ARL03M900.  The  input  match  of  state  B  is 
-13.38  dB,  which  is  also  an  improvement  over  the  simulation  and  SI  1  measurement  of- 
10.73  dB  of  design  ARL03M900.  The  gains  (S21)  of  state  A  and  B  are  12.3  and  1 1.8  dB, 
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respectively,  which  are  both  ~2.5  dB  less  than  simulations.  The  measured  S22  is  -10.01  and 
-9.5  dB  for  the  two  respective  states. 
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Figure  20.  Measured  versus  simulated  S-parameters  for  eascaded  BPSK  modulator  and  PA 
for  3.0  V  DC  state  A  at  900  MHz.  Dashed  lines  are  simulated  and  solid  lines 
are  measured  data  points. 
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Figure  21.  Measured  versus  simulated  S-parameters  for  cascaded  BPSK  modulator  and  PA  for  3.0  V  DC 
state  B  at  900  MHz.  Dashed  lines  are  simulated  and  solid  lines  are  measured  data  points. 
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Figure  22  shows  the  measured  versus  simulated  results  for  the  phase  difference  of  the  two 
modulation  States  of  the  BPSK  modulator.  At  900  MHz,  the  measured  phase  difference  is 
-184.5°  versus  a  simulated  value  of -179.0°.  An  ideal  modulator  would  have  a  180°  phase 
difference  between  the  two  modulation  states  at  the  design  frequency.  As  it  stands,  the  measured 
phase  difference  is  within  operational  limits. 
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Figure  22.  Measured  versus  simulated  phase  difference  of  the  RFIC  transmit 
stage  for  3.0  V  DC  at  900  MHz.  Pink  is  measured  and  blue  is 
simulated  data  points. 


Figure  23  illustrates  the  tradeoffs  between  gain,  PAE,  and  output  power  as  input  power 
increases.  Output  power  increases  linearly  until  saturation;  while  PAE  reaches  its  optimum 
levels  at  higher  input  powers.  The  gain  decreases  as  the  PAE  increases,  and  output  power 
increases  as  the  PA  enters  gain  compression  and  saturates.  This  relationship  characterizes  the 
tradeoff  issues  between  gain,  PAE,  and  output  power  in  the  PA  circuit. 
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Figure  23.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  cascaded  BPSK  modulator,  PA,  and 
TR  switch  for  3.0  V  input  power  at  400,  450,  and  600  MHz. 


Table  6  gives  the  results  for  a  DC  bias  of  3  V  and  22  mA.  The  input  and  output  power  levels 
have  been  correeted  for  cable  insertion  losses  in  the  measurement  setup.  Table  6  shows  a  PAE 
of  36.4%  at  2.5  dB  compression  for  an  RF  input  power  of  4  mW.  This  PAE  is  much  lower  than 
the  desired  goal  of  50%,  but  the  design  was  inadvertently  tested  at  the  wrong  frequencies  and 
should  have  performed  better  at  its  design  frequency  of  900  MHz. 

Table  6.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  cascaded  BPSK  modulator  PA,  and 
TR  switch  for  3.0  V  at  600  MHz. 


600  MHz 

Die#1 

PA900MHZ  Emode  ARL  #4  Tile  1  TOPED 

3V  :  22  mfi 

Pin(SG) 

Pout(SA) 

Pin(corr) 

Pout(corr)  Gain 

l(3V) 

PDC(mw) 

Pout(mw) 

Dm  Eff 

PAE 

-10.0 

1.67 

-10.85 

2.07 

12.92 

19 

57.0 

1.61 

2.8 

2.7 

-8.0 

3.67 

-8.85 

4.07 

12.92 

19 

57.0 

2.55 

4.5 

4.2 

-6.0 

5.67 

-6.85 

6.07 

12.92 

20 

60.0 

4.05 

6.7 

6.4 

-4.0 

7.50 

-4.85 

7.90 

12.75 

20 

60.0 

6.17 

10.3 

9.7 

-2.0 

9.17 

-2.85 

9.57 

12.42 

20 

60.0 

9.06 

15.1 

14.2 

0.0 

10.67 

-0.85 

11.07 

11.92 

21 

63.0 

12.79 

20.3 

19.0 

2.0 

12.17 

1.15 

12.57 

11.42 

23 

69.0 

18.07 

26.2 

24.3 

4.0 

13.67 

3.15 

14.07 

10.92 

26 

78.0 

25.53 

32.7 

30.1 

6.0 

15.17 

5.15 

15.57 

10.42 

30 

90.0 

36.06 

40.1 

36.4 

8.0 

15.83 

7.15 

16.23 

9.08 

32 

96.0 

41.98 

43.7 

38.3 

23 


Figure  24  shows  the  results  of  the  measured  versus  simulated  results  for  the  S-parameters  of  the 
cascaded  TR  switch  and  LNA  when  the  chip  is  in  receive  mode.  The  results  show  a  measured 
gain  of  15.3  dB,  which  is  only  about  a  1-dB  degradation  from  the  simulation  and  also  very  good 
considering  the  extra  insertion  loss  introduced  by  the  TR  switch.  The  input  and  output  matches 
correlate  closely  with  simulation,  and  while  worse  than  the  desired  -10.0  dB  match  they  are  still 
in  the  range  for  acceptable  operation.  Also,  notice  that  there  is  consistent  broadband  operation 
out  to  2.0  GHz  even  though  the  circuit  was  designed  for  optimal  performance  at  900  MHz. 


Figure  24.  S-parameters  for  a  broadband  LNA  design  from  450  MFiz  to  1.2  GHz  with  acceptable  NF 
and  gain  data. 

Figure  25  shows  the  measured  versus  simulated  broadband  performance  of  the  LNA  in  terms  of 
the  gain  and  NF.  From  200  MHz  to  3.0  GHz,  the  broadband  gain  of  the  LNA  decreases  as 
expected  while  the  NF  stays  remarkably  constant.  At  900  MHz,  a  gain  of  ~15.23  dB  and  a  NF  of 
2.4  dB  show  that  there  is  a  close  correlation  in  NF  from  what  was  simulated. 
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The  measured  results  of  the  bare  die  tests  for  this  broadband  design  show  the  potential  to  achieve 
a  PAE  of  ~36%  at  an  RE  input  power  of  ~4  mW.  This  is  below  the  goal  of  the  PA  with  TR 
switch  and  the  amplifier  would  need  to  be  retuned  on  subsequent  designs  to  improve  efficiency. 
However,  the  input  and  output  matches  of  the  cascaded  transmit  stage  and  a  phase  difference  of 
nearly  185°  for  the  two  modulation  states  are  within  acceptable  limits.  The  best  transmit  gains 
are  -12.3  dB,  though  the  PA  has  a  small  signal  gain  closer  to  20  dB.  If  a  higher  gain  is  desired, 
an  extra  gain  stage  would  have  to  be  added  to  the  PA  design,  which  might  result  in  a  small 
degradation  of  the  PAE.  The  ENA  has  a  gain  of  15.3  dB,  which  is  very  good  considering  the 
additional  insertion  loss  provided  by  the  TR  switch,  and  this  is  coupled  with  a  NF  of  -2.4  dB. 
The  broadband  design  of  the  ENA  at  900  MHz  seems  to  yield  a  good  performance. 

3.5  ARL05M450  -  BPSK  Modulator,  PA,  Narrowband  LNA,  and  TR  Switch  at  450  MHz 

This  design  is  a  full  RFIC  450-MHz  booster  chip  on  a  1.66x2.41  mm  die.  The  chip  is  a  similar 
design  to  that  of  ARL04M900,  but  is  designed  to  operate  optimally  at  a  frequency  of  450  MHz. 
The  PA  and  LNA  both  have  the  same  +2.7  to  +3.0  V  supply  voltage  as  in  section  3.4.  Figure  26 
shows  the  layout  of  the  design  that  was  used  for  the  fabrication.  The  intent  of  this  design  is  to 
compare  the  results  of  this  design  to  that  of  sections  3.3  and  3.4  with  the  same  elements  but  a 
different  operating  frequency. 
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Figure  26.  Layout  for  1.66  mm  x  2.41  mm  RFIC  booster 
design  at  450  MHz. 

Figure  27  shows  the  simulated  versus  measured  results  for  the  S-parameters  of  the  transmit  stage 
of  the  full  RFIC  chip  in  modulation  state  A  for  a  3.0  V  DC  input  voltage.  Figure  28  shows  the 
same  measured  versus  simulated  data,  but  with  the  TR  switch  set  to  OFF  for  the  transmit  stage. 
The  measurements  have  a  similar  shape  to  the  simulations  but  are  erratic,  which  may  indicate  a 
stability  problem.  While  the  design  had  passed  design  rule  checks  (DRC)  and  layout  vs. 
schematic  (TVS)  checks,  there  was  a  rush  to  make  some  late  modifications  to  the  TR  switch  to 
convert  it  from  negative  voltage  control  to  positive  voltage  control  and  apparently  the  checks 
were  not  repeated.  The  error  was  eventually  discovered  and  shows  up  more  prominently  in  the 
LNA  measurements. 
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Figure  27.  Measured  versus  simulated  S-parameters  for  cascaded  BPSK  modulator  and  PA  for  3.0  V  DC  state  B 
at  450  MHz.  Dashed  lines  are  simulated  and  solid  lines  are  measured  data  points. 


Figure  28.  Measured  versus  simulated  S-parameters  of  the  cascaded  TR  switch  and 
LNA  at  3.0  V  DC  state  B  at  450  MHz  in  the  OFF  state.  Dashed  lines 
are  simulated  and  solid  lines  are  measured  data  points. 


Figure  29  shows  the  measured  versus  simulated  easeade  of  the  TR  switch  and  LNA  in  receive 
mode.  When  the  error  in  the  TR  switch  was  discovered,  the  receive  state  was  re-simulated 
showing  good  agreement  between  the  measured  results  and  the  re-simulation  including  the 
shorted  connection  shown  in  figure  30.  Figure  30  highlights  a  short  circuit  in  the  design  of  the 
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TR  switch,  which  inadvertently  was  created  when  the  layout  was  ehanged  at  the  last  minute 
before  tape  out  to  fabrication.  The  layout  would  need  to  be  corrected  in  a  subsequent  redesign 
and  re-verified  using  DRC  and  TVS. 
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Figure  29.  Measured  versus  re-simulated  S-parameters  of  cascaded  TR  switch  and  LNA 
including  the  actual  shorted  connection  at  3.0  V.  Dashed  lines  are  simulated 
and  solid  lines  are  measured  data  points. 


Figure  30.  Shows  a  short  in  the  circuit  which  causes  the  gain  problems  of 
the  PA  in  the  transmit  stage  of  the  measured  data. 
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Figure  3 1  shows  the  measured  versus  simulated  results  for  the  phase  differenee  of  the  two 
modulation  states  of  the  BPSK  modulator.  At  450  MHz,  the  measured  phase  differenee  is 
-182.6°  versus  a  simulated  value  of -178.5°.  An  ideal  modulator  would  have  a  180°  phase 
differenee  between  the  two  modulation  states  at  the  design  frequeney.  Considering  the  error  in 
the  TR  switeh,  the  measured  phase  differenee  is  still  close  to  the  desired  value. 
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Figure  3 1 .  Measured  versus  simulated  phase  difference  of  the  RFIC  transmit  stage 

for  3.0  V  DC  at  450  MHz.  Pink  is  measured  and  blue  is  simulated  data  points. 

Figure  32  and  table  7  summarize  the  power  performance  of  the  design,  which  is  quite  good 
considering  the  previous  TR  switch  design  flaw.  Output  power  increases  linearly  until 
saturation,  while  PAE  reaches  its  optimum  levels  at  higher  input  powers.  The  gain  decreases  as 
the  PAE  increases,  and  output  power  increases  as  the  PA  enters  gain  compression  and  saturates. 
This  relationship  characterizes  the  tradeoff  issues  between  gain,  PAE,  and  output  power  in  the 
PA  circuit.  The  gain  was  higher  than  in  the  small  signal  S-parameter  measurements,  probably 
due  to  a  borderline  stability  problem  caused  by  the  error.  Given  the  error  in  this  design,  results 
from  the  other  design  variations  should  be  used  for  any  evaluations  and  redesigns. 
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Figure  32.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  cascaded  BPSK  modulator,  PA, 
and  TR  switch  for  3.0  V  input  power  at  400,  450,  and  600  MHz. 


Table  7  gives  the  results  for  a  DC  bias  of  3  V  and  22  mA.  The  input  and  output  power  levels 
have  been  correeted  for  cable  insertion  losses  in  the  measurement  setup.  Table  7  shows  a  PAE 
of  38.7%  at  the  beginning  of  a  3-dB  compression  for  an  RE  input  power  of  6  mW.  This  PAE  is 
much  lower  than  the  desired  goal  of  50%. 

Table  7.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  cascaded  BPSK  modulator  PA,  and 
TR  switch  for  3.0  V  at  450  MHz. 


450  MHz 

Die#1 

PA450MHZ  BncMle  ARL  «6  lile  1  TQPB) 

3V  ;22mA 

Pin(SG) 

PommsA) 

PilKcoii) 

Pout(coii]Gain  l(3V) 

PDC^nw)  Pout^nw)  Dm  BT 

PAE 

-10.0 

0.83 

-10.70 

1.21 

11.91 

25 

75.0 

1.32 

1.8 

1.6 

^.0 

2.83 

^.70 

3.21 

11.91 

25 

75.0 

2.09 

2.8 

2.6 

-60 

483 

-6  70 

521 

11  91 

25 

750 

332 

44 

41 

-40 

683 

-4  70 

721 

11  91 

25 

750 

5.25 

70 

66 

-2.0 

8.67 

-2.70 

9.05 

11.75 

25 

75.0 

8.03 

10.7 

10.0 

0.0 

10.67 

4)70 

11.05 

11.75 

26 

78.0 

12.72 

16.3 

15.2 

2.0 

12.33 

1.30 

12.71 

11.41 

26 

78.0 

18.64 

23.9 

22.2 

4.0 

13.50 

3.30 

13.88 

10^ 

26 

78.0 

24j41 

31.3 

28.5 

60 

14.50 

5.30 

1488 

9^ 

27 

81.0 

30.73 

37.9 

33.7 

8.0 

15.67 

7^ 

16.05 

8.75 

30 

90.0 

40.23 

44.7 

38.7 

30 


The  measured  results  of  the  bare  die  tests  for  this  design  show  the  potential  to  aehieve  a  PAE  of 
'-'39%  at  an  RE  input  power  of  -'5.6  mW.  This  is  below  the  goal  of  the  PA  with  TR  switeh  and 
the  amplifier  would  need  to  be  retuned  on  subsequent  designs  to  improve  effieieney.  Instability 
in  the  S-parameters  of  the  transmit  stage  are  attributed  to  a  short  eireuit  in  the  design  of  the  TR 
switeh.  This  design  flaw  resulted  in  last-minute  ehanges  to  the  eireuit  that  eould  not  be  verified 
by  DRC  or  EVS  before  tape  out  to  fabrieation  was  due.  The  best  transmit  gains  are  -'1 1 .9  dB, 
and  if  a  higher  gain  is  desired  an  extra  gain  stage  would  have  to  be  added  to  the  PA  design 
resulting  in  a  small  degradation  of  the  PAE.  Beeause  of  the  deteeted  flaw  in  the  design,  reeeive 
stage  measurements  were  not  performed. 

3,6  ARL06M450  -  BPSK  Modulator,  PA,  Narrowband  LNA,  TR  Switch  with  Additional 
PA  and  LNA  Enable  Inputs  at  450  MHz 

This  design  is  a  full  RFIC  narrowband  450-MHz  booster  chip  on  a  1.66x2.41  mm  die.  It  is  the 
same  as  the  intended  design  of  ARL05M450  with  additional  PA  and  LNA  enable  inputs  to 
increase  isolation  between  the  transmit  and  receive  stages.  Also,  the  TR  switch  cell  in  the 
previous  design  was  duplicated  in  this  design  and  the  last  minute  modifications  to  make  the  TR 
switch  fit  in  this  design  inadvertently  caused  the  error  in  the  previous  design  retroactively.  The 
PA  and  LNA  both  have  the  same  +2.7  to  +3.0  V  supply  voltage  as  in  section  3.5.  The  intent  of 
this  design  is  to  see  how  the  gate  enable  voltages  of  the  PA  and  LNA  may  affect  the 
characteristics  of  the  transmit  and  receive  stages  of  the  booster  chip  design.  Figure  33  shows 
layout  of  the  design  that  was  used  for  the  fabrication. 


31 


Figure  33.  Layout  for  1.66x2.41  mm  RFIC  booster  design 
with  PA  and  LNA  gate  enable  at  450  MFlz. 

Figures  34  and  35  show  both  modulation  states  have  good  agreement  with  simulated  results  at 
450  MHz  with  a  small  shift  in  frequeney  between  measured  and  simulated  S-parameters.  The 
small  differences  may  be  due  to  ignoring  the  effects  of  interconnects  between  the  main 
components  of  the  designs  at  these  relatively  low  frequencies.  State  A  has  a  measured  SI  1  of 
-10.95  dB,  which  is  very  close  to  the  simulation  of  approximately -10.0  dB.  The  input  match  of 
state  B  is  -8.9  dB,  which  matches  the  simulation.  The  measured  S21  of  states  A  and  B  are  13.3 
and  13.0  dB,  respectively,  which  are  both  ~2.0  dB  less  than  simulations.  The  measured  S22  is 
-1 1.5  and  -16.5  dB  for  the  two  respective  states.  Modulation  state  A  matches  the  simulation,  but 
state  B  shows  an  improvement  over  the  simulation  of  approximately -7.5  dB. 
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Figure  34.  Measured  versus  simulated  S-parameters  for  cascaded  BPSK  modulator  and 
PA  for  modulation  state  A  at  450  MHz.  Dashed  lines  are  simulated  and 
solid  lines  are  measured  data  points. 
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Figure  35.  Measured  versus  simulated  S-parameters  for  cascaded  BPSK  modulator  and 
PA  for  modulation  state  B  at  450  MHz.  Dashed  lines  are  simulated  and 
solid  lines  are  measured  data  points. 
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Figure  36  shows  the  measured  versus  simulated  results  for  the  phase  differenee  of  the  two 
modulation  states  of  the  BPSK  modulator.  At  450  MHz,  the  measured  phase  difference  is 
-181.8°  versus  a  simulated  value  of -179.0°.  An  ideal  modulator  would  have  a  180°  phase 
difference  between  the  two  modulation  states  at  the  design  frequency.  Given  the  range  of  error 
in  the  measurement,  this  is  an  excellent  result  for  this  design. 
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Figure  36.  Measured  versus  simulated  phase  difference  of  the  RFIC  transmit 
stage  for  3.0  V  DC  at  450  MHz.  Pink  is  measured  and  blue  is 
simulated  data  points. 


Figure  37  shows  the  results  of  the  measured  versus  simulated  results  for  the  S-parameters  of  the 
LNA  when  the  chip  is  in  receive  mode.  The  results  show  a  measured  gain  of  9.9  dB,  which 
matches  simulation.  The  input  and  output  matches  match  the  shape  of  the  simulations  with  a 
slight  frequency  shift.  Having  both  SI  1  and  S22  better  than  -10  dB  for  this  low  current 
narrowband  LNA  design  is  a  good  result. 
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Figure  37.  Measured  versus  simulated  S-parameters  for  a  LNA  design  at  450  MHz.  Dashed 
lines  are  simulated  and  solid  lines  are  measured  data  points. 


Figure  38  shows  the  measured  versus  simulated  performance  of  the  LNA  for  the  gain  and  NF. 

At  450  MHz,  the  measured  gain  of  the  LNA  closely  matches  simulation  at  -10.25  dB.  This  also 
closely  corresponds  to  the  gain  of  figure  37.  The  measured  NF  has  a  lot  of  ripple  and  appears  to 
be  shifted  up  in  frequency.  At  higher  frequencies  above  800  MHz,  the  NF  for  the  LNA  starts  to 
match  the  simulation,  but  is  poor  at  the  design  frequency. 


Figure  38.  The  behavior  of  the  gain  and  NF  for  the  LNA  at  450  MHz. 
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Figure  39  illustrates  the  tradeoffs  between  gain,  PAE,  and  output  power  as  input  power 
increases.  Output  power  increases  linearly  until  saturation,  while  PAE  reaches  its  optimum 
levels  at  higher  input  powers.  The  gain  decreases  as  the  PAE  increases,  which  is  expected 
behavior  for  a  PA.  This  relationship  characterizes  the  tradeoff  issues  between  gain,  PAE,  and 
output  power  in  the  PA  circuit. 
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Figure  39.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  cascaded  BPSK  modulator,  PA, 
and  TR  switch  for  3.0  V  input  power  at  400,  450,  and  600  MHz. 

Table  8  gives  the  results  of  the  transmit  stage  for  a  DC  bias  of  3  V  and  18  mA.  The  input  and 
output  power  levels  have  been  corrected  for  cable  insertion  losses  in  the  measurement  setup. 
This  design  shows  an  optimum  PAE  of  41.6%  at  the  beginning  of  a  3-dB  compression  for  an  RE 
input  power  of  4  mW  (see  section  3.8  for  more  details  on  this  design).  This  PAE  is  comparable 
to  the  desired  value  of  50%  for  the  PA  before  factoring  in  the  TR  switch  losses. 
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Table  8.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  cascaded  BPSK  modulator  PA,  and 
TR  switch  for  3.0  V  at  450  MHz. 


450  MHz 

Die#1 

PA450HHZ  Bnode  ARL  «6  Tile  1  TQPED 

3V  ;  18  mA 

PiiKSG) 

Poul(SA) 

Pin(corT) 

Pout(corTl  Gain 

l(3V) 

PDC(inw) 

Poul(mw)  Dm  Bf 

PAE 

-10.0 

3.17 

-10.70 

3.55 

14.25 

18 

54.0 

2.26 

4.2 

4.0 

-8.0 

5.17 

-8.70 

5.55 

14.25 

18 

54.0 

3.59 

6.6 

6.4 

^.0 

7.17 

^.70 

7.55 

14.25 

18 

54.0 

5.68 

10.5 

10.1 

-4.0 

9.00 

-4.70 

9.38 

14.08 

19 

57.0 

8.66 

15.2 

14.6 

2.0 

10.67 

2.70 

11.05 

13.75 

20 

60.0 

12.72 

21.2 

20.3 

0.0 

12.17 

4)70 

12.55 

13.25 

21 

63.0 

17.97 

28.5 

27.2 

2.0 

13.67 

1.30 

14.05 

12.75 

23 

69.0 

25.38 

36.8 

34.8 

40 

1467 

330 

1505 

11.75 

25 

75.0 

31.95 

426 

39.8 

60 

1517 

530 

1555 

10.25 

26 

78.0 

35.85 

460 

41.6 

The  measured  results  of  the  bare  die  tests  for  this  broadband  design  were  very  promising  except 
for  the  exceptionally  high  NF  of  the  LNA,  because  they  show  the  potential  to  achieve  a  PAE  of 
~41 .6%  at  an  RF  input  power  of  4  mW.  The  input  and  output  matches  of  the  cascaded  transmit 
stage  and  a  phase  difference  of  181.8°  for  the  two  modulation  states  are  within  acceptable  limits. 
The  best  overall  transmit  gains  are  ~13.3  dB,  starting  with  a  PA  design  with  20  dB  of  small 
signal  gain.  If  a  higher  gain  is  desired,  an  extra  gain  stage  would  have  to  be  added  to  the  PA 
design,  which  might  result  in  a  small  degradation  of  the  PAE.  The  LNA  has  a  gain  of  ~10.0  dB 
for  this  low  current  narrowband  design,  which  is  ~5  dB  lower  than  desired. 

3.7  ARL07G24  -  BPSK  Modulator,  PA,  Narrowband  LNA,  and  TR  Switch  at  2.4  GHz 

This  design  is  a  full  RFIC  narrowband  2.4-GHz  booster  chip  on  a  1 .66x1 .52  mm  die.  The  PA 
and  LNA  both  have  the  same  2.7  to  3.0  V  supply  voltage  as  in  section  3.6.  The  intent  of  this 
design  is  to  measure  how  the  full  transmit  and  receive  stages  will  work  as  a  single  module  in  the 
final  RFIC  design  at  2.4  GHz.  Figure  40  shows  the  layout  of  the  design  that  was  used  for 
fabrication. 
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Figure  40.  Layout  for  1.66  mm  x  1.52  mm  RFIC  booster  design  at  2.4  GHz. 

Figures  41  and  42  show  agreement  between  simulated  and  measured  data  for  both  modulation 
states  is  not  as  good  as  in  previous  low  frequency  designs.  Except  for  the  gain,  both  states  show 
good  agreement  with  simulated  results  at  2.4  GHz  with  a  shift  in  frequency  between  measured 
and  simulated  S-parameters.  The  differences  are  likely  due  to  ignoring  the  effects  of 
interconnects  between  the  main  components  of  the  designs  which  have  more  impact  at  higher 
frequencies.  The  measured  S21  of  states  A  and  B  are  6.3  and  6.1  dB,  respectively,  which  are  6.0 
to  8.0  dB  less  than  simulated  values.  The  gain  is  inadequate  to  produce  the  amount  of  output 
power  that  is  desired.  The  measured  S22  is  -7.1  dB  and  -6.9  dB  for  the  two  respective  states, 
which  are  both  below  the  goal  of -10  dB.  Neither  the  output  match  nor  gain  is  as  good  as 
desired  in  this  design. 
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Figure  41.  Measured  versus  simulated  S-parameters  for  cascaded  BPSK  modulator  and  PA  for 
modulation  state  A  at  2.4  GHz.  Dashed  lines  are  simulated  and  solid  lines  are 
measured  data  points. 
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Figure  42.  Measured  versus  simulated  S-parameters  for  cascaded  BPSK  modulator  and  PA  for  modulation 
state  B  at  2.4  GHz.  Dashed  lines  are  simulated  and  solid  lines  are  measured  data  points. 
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Figure  43  shows  the  measured  versus  simulated  results  for  the  phase  differenee  of  the  two 
modulation  states  of  the  BPSK  modulator.  At  2.4  GHz,  the  measured  phase  differenee  is 
-188.0°  versus  a  simulated  value  of -178.5°.  An  ideal  modulator  would  have  a  180°  phase 
differenee  between  the  two  modulation  states  at  the  design  frequeney.  This  measured  phase 
differenee  less  than  10°  is  useful  but  eould  be  improved  with  a  subsequent  redesign. 
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Figure  43.  Measured  versus  simulated  phase  difference  of  the  RFIC  transmit 
stage  for  3.0  V  DC  at  2.4  GHz.  Blue  is  measured  and  brown  is 
simulated  data  points. 

Figure  44  shows  the  results  of  the  measured  versus  simulated  results  for  the  S-parameters  of  the 
LNA  when  the  ehip  is  in  reeeive  mode  and  at  a  mueh  lower  DC  bias  than  desired.  The  LNA  had 
stability  problems  at  nominal  DC  bias  and  gain.  While  the  input  and  output  matches  appear  to  be 
close  to  expected,  the  gain  is  shifted  and  can  only  be  measured  at  lower  gain  and  DC  bias  levels 
below  the  threshold  of  oscillation. 
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Figure  44.  Measured  versus  simulated  S-parameters  for  a  LNA  design  at  2.4  GHz. 

Dashed  lines  are  simulated  and  solid  lines  are  measured  data  points. 

The  measured  results  of  the  bare  die  tests  for  this  narrowband  design  were  not  very  promising 
due  to  the  stability  problems  of  the  LNA.  The  input  match  of  the  cascaded  transmit  stage  is 
within  acceptable  limits,  but  a  phase  difference  of  189.0°  for  the  two  modulation  states  and  a 
poor  gain  for  the  PA  show  that  this  design  has  some  flaws.  A  follow-up  Sonnet  electromagnetic 
(EM)  simulation  of  the  LNA  shows  the  stability  problem  that  did  not  appear  in  the  original 
Agilent  Design  System  (ADS)  and  Microwave  Office  (MWO)  simulations.  Subsequent 
redesigns  of  this  LNA  should  be  checked  with  an  EM  simulator  to  avoid  the  parasitic  coupling 
that  resulted  in  the  stability  problems  with  the  initial  first  pass  design. 

3.8  ARL08M450  -  Cascaded  BPSK  Modulator  and  PA  Redesign  with  Current  Mirror  at 
450  MHz 

This  is  a  redesign  of  the  ARE02M450  described  in  section  3.2.  The  only  changes  are  the 
addition  of  the  current  mirror  to  the  design  of  the  PA  and  a  modification  to  the  BPSK  modulator 
to  make  the  control  voltages  positive.  The  DC  control  for  the  switch  states  of  the  BPSK 
modulator  can  be  approximately  2.0  to  5.0  V  to  enable  and  0.0  V  to  disable.  The  footprint  of  the 
circuit  is  1.66x1.52  mm  and  figure  45  shows  the  layout  for  the  cascaded  BPSK  modulator  and 
PA  at  450  MHz. 


41 


Figure  45.  Layout  for  narrowband  cascaded  BPSK  modulator  and  PA 
redesign  with  robust  current  mirror  at  450  MHz. 

Figures  46  and  47  show  both  modulation  states  have  excellent  agreement  with  simulated  results. 
At  450  MHz,  state  A  matches  simulation  with  -0.5  dB  less  gain.  SI  1  is  -16.4  dB,  S22  is 
-9.0  dB,  and  S21  is  14.4  dB.  State  B  also  matches  simulations  closely  as  shown  in  figure  47. 
The  SI  1  of  state  B  is  -9.8  dB,  matching  the  simulations.  The  measured  S21  of  state  B  is 
14.5  dB,  which  is  again  -0.5  dB  less  than  simulations.  The  measured  S22  is  -10.33  dB. 
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Figure  46.  Measured  versus  simulated  S-parameters  for  cascaded  BPSK  modulator  and  PA 
redesign  with  robust  current  mirror  for  modulation  state  A  at  450  MHz.  Dashed 
lines  are  simulated  and  solid  lines  are  measured  data  points. 
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Figure  47.  Measured  versus  simulated  S-parameters  for  cascaded  BPSK  modulator  and  PA 
redesign  with  robust  current  mirror  for  modulation  state  B  at  2.4  GHz.  Dashed 
lines  are  simulated  and  solid  lines  are  measured  data  points. 
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Figure  48  shows  the  measured  versus  simulated  results  for  the  phase  differenee  of  the  two 
modulation  states  of  the  BPSK  modulator.  At  450  MHz,  the  measured  phase  difference  is 
-174.0°  versus  a  simulated  value  of  a~179.0°.  An  ideal  modulator  would  have  a  180°  phase 
difference  between  the  two  modulation  states  at  the  design  frequency.  Given  the  errors  in 
measurement  and  process  variation,  a  measured  phase  difference  less  than  10°  should  be  within 
operational  limits. 
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Figure  48.  Measured  versus  simulated  phase  difference  of  the  transmit  stage  redesign  with  robust 

current  mirror  for  3.0  V  DC  at  450  MHz.  Blue  is  measured  and  pink  is  simulated  data  points. 

Figures  49  and  50  illustrate  the  relationship  between  PAE,  and  output  power  as  input  power 
increases  over  a  DC  voltage  input  range  of  2.0  to  5.0  V.  Output  increases  almost  linearly  until 
saturation,  while  PAE  also  reaches  its  optimum  levels  at  higher  input  powers.  Over  the  full 
range  of  DC  input  voltages,  we  see  that  this  design  is  capable  of  providing  40%  PAE  and 
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20  dBm  of  output  power.  The  output  power  and  PAE  were  designed  to  be  optimal  at  a  partieular 
supply  voltage,  but  the  design  still  works  over  a  supply  voltage  range  of  about  2.0  to  5.0  V. 
Generally,  the  saturated  output  power  inereases  with  inereasing  supply  voltage  but  the  PAE  will 
be  optimal  for  a  speeifie  frequency,  supply  voltage,  and  RE  input  power  level. 


ARL8  Meas  6/16/09 
Emode  450MHz  2.7V 


Figure  49.  Measured  PAE  versus  input  power  for  cascaded  BPSK  modulator  and  PA  redesign  with 
bust  current  mirror  for  2.0  to  5.0  V  DC  at  450  MHz. 


45 


ARLBIleas  enfiflN 
Eiiiode450IIWz2.7V 


Figure  50.  Measured  output  power  versus  input  power  for  cascaded  BPSK  modulator  and  PA  redesign  with 
robust  current  mirror  for  2.0  to  5.0  V  DC  at  450  MHz. 


Tables  9  through  12  give  the  results  of  the  transmit  stage  for  a  DC  bias  of  2  to  5  V  and 
23  to  30  mA.  The  input  and  output  power  levels  have  been  corrected  for  cable  insertion  losses  in 
the  measurement  setup.  As  expected,  the  output  power  and  PAE  increase  with  input  power,  but 
there  is  a  tradeoff  between  increasing  PAE  and  decreasing  gain.  Table  9  shows  an  optimum 
PAE  of  46.3%  at  the  beginning  of  a  3-dB  compression  for  an  RE  input  power  of  1.6  mW  and  a 
supply  voltage  of  2.0  V.  However,  the  output  power  is  only  20.9  mW  due  to  the  extremely  low 
input  power  and  supply  voltage,  while  the  small  signal  gain  of  14.75  dB  is  good  considering  the 
losses  introduced  by  the  BPSK  modulator  and  3-dB  attenuator.  This  PAE  is  also  close  to  the 
desired  goal  of  50%  over  a  range  of  supply  voltages. 
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Table  9.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  cascaded  BPSK  modulator  and  PA 
for  2.0  V  at  450  MHz. 


450  MHz 

Die#1 

PA450HHZ  Bnode  ARL  Tile  1  TOPS 

2V ;  23  mA 

Pin(SG) 

Pout(SA) 

Pin(con) 

PouUcofflGain  11  (2V) 

PDC(mw) 

Poul(mw)  Dm  Eff 

PAE 

-14.0 

4).33 

-14.38 

0.37 

14.75 

23 

46.0 

1.09 

2.4 

2.3 

-12.0 

1  83 

-1238 

253 

14  91 

23 

460 

1.79 

3.9 

38 

-10.0 

4.00 

-10.38 

4.70 

15.08 

23 

460 

2.95 

6.4 

6.2 

-80 

583 

-8  38 

6.53 

14  91 

23 

460 

450 

98 

9.5 

^.0 

7.67 

^.38 

8.37 

14.75 

22 

44.0 

6.87 

15.6 

15.1 

-4.0 

9.33 

-4.38 

10.03 

14  41 

22 

440 

10.07 

22.9 

22.1 

-2.0 

1083 

-2.38 

11.53 

13.91 

21 

420 

14.22 

33.9 

32.5 

00 

11  83 

-0.38 

1253 

12.91 

21 

420 

17.91 

426 

40.4 

2.0 

12.50 

1.63 

13.20 

11.58 

21 

42.0 

20.89 

49.7 

46.3 

Table  10  shows  an  optimum  PAE  of  45.6%  at  the  beginning  of  a  3-dB  compression  for  an  RF 
input  power  of  2.5  mW  and  a  supply  voltage  of  3.0V.  The  output  power  is  -43.4  mW,  while  the 
small  signal  gain  increases  to  15.75  dB.  This  PAE  is  close  to  the  desired  goal  of  50%. 

Table  10.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  cascaded  BPSK  modulator  and  PA 
for  3.0  Vat  450  MHz. 


450  MHz 

Die#1 

PA450UHZ  Bnode  ARL  Tile  1  TOPED 

3V  ;26mA 

Piii(SG) 

Poiit(SA) 

Piii(con) 

Poiit(c»nl6ain  I1(3V) 

PDC(mw) 

Poiil(mw] 

Dm  Elf 

PAE 

-14.0 

0.67 

-14.38 

1.37 

i5.re 

26 

78.0 

1.37 

1.8 

1.7 

-12.0 

267 

-1238 

3.37 

15.75 

26 

78.0 

2.17 

28 

2.7 

-10.0 

4.67 

-10.38 

5.37 

i5.re 

26 

78.0 

3.44 

4.4 

4.3 

-8.0 

6.67 

-8.38 

7.37 

15.ra 

26 

78.0 

5.46 

7.0 

6.8 

-6.0 

8.50 

-6.38 

9.20 

15.58 

26 

78.0 

8.32 

10.7 

10.4 

-4.0 

10.50 

-4.38 

11.20 

15.58 

27 

81.0 

13.18 

16.3 

15.8 

-2.0 

1217 

-238 

12.87 

15.25 

27 

81.0 

19.36 

23.9 

23.2 

0.0 

ia67 

■0.38 

14.37 

i4.re 

28 

84.0 

27.35 

32.6 

314 

2.0 

15.00 

1.63 

15.70 

14.06 

29 

87.0 

37.15 

42.7 

41.0 

4.0 

15.67 

3.63 

16.37 

i2.re 

30 

90.0 

4345 

48.2 

45.6 

Table  1 1  shows  an  optimum  PAE  of  44.6%  at  the  beginning  of  a  3-dB  compression  for  an  RF 
input  power  of  4  mW  and  a  supply  voltage  of  4.0  V.  The  output  power  is  now  66. 1  mW,  while 
the  small  signal  gain  remains  15.75  dB.  This  PAE  is  close  to  the  desired  goal  of  50%  and  the 
output  power  and  gain  are  very  good. 
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Table  11.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  cascaded  BPSK  modulator  and  PA 
for  4.0  V  at  450  MHz. 


450  MHz 

Die#1 

PA450HHZ  Bnode  ARL  lile  1  TOPED 

4V;28mA 

Pin(SG) 

Poul(SA) 

Pin(con) 

Poul(conl  Gain 

I1(4V) 

PDC&nw) 

Poul(niw)  Dm  BT  PAE 

-14.0 

0.67 

-14.38 

1.37 

15.75 

28 

112.0 

1.37 

1.2 

1.2 

-120 

2.67 

-1238 

3.37 

15.75 

28 

112.0 

2.17 

1.9 

1.9 

-10.0 

4.67 

-10.38 

5.37 

15.75 

28 

112.0 

3.44 

3.1 

3.0 

^.0 

6.83 

^.38 

7.53 

15.91 

28 

112.0 

5.66 

5.1 

4.9 

^.0 

8.67 

^.38 

9.37 

15.75 

28 

112.0 

8.65 

7.7 

7.5 

40 

1067 

438 

11.37 

15.75 

29 

1160 

1371 

118 

11.5 

-20 

1250 

-238 

13  20 

1558 

29 

1160 

20  89 

18  0 

17.5 

00 

14  17 

-0.38 

14  87 

15.25 

31 

1240 

30.69 

248 

24.0 

2.0 

15.67 

1.63 

16.37 

14.75 

32 

128.0 

43.35 

33.9 

32.7 

4.0 

16.83 

3.63 

17.53 

13.91 

34 

136.0 

56.62 

41.6 

39.9 

60 

17  50 

5.63 

18  20 

12.58 

35 

1400 

66.07 

47.2 

44.6 

Table  12  shows  an  optimum  PAE  of  40.3%  at  the  beginning  of  a  3-dB  compression  for  an  RF 
input  power  of  4  mW  and  a  supply  voltage  of  5.0  V.  The  output  power  is  now  74. 1  mW  with 
reasonable  but  less  than  optimal  efficiency,  while  the  small  signal  gain  is  15.4  dB. 

Table  12.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  cascaded  BPSK  modulator  and  PA  for 
5.0  V  at  450  MHz. 


450  MHz 

DiB#1 

PA450HHZ  Bnode  ARL  Tile  1  TOPS) 

5V;30mA 

PiiKSQ 

Poiil(SA) 

Pin(coii) 

Pou1(coiilGain  I1(4V) 

PDCOnw) 

Poul^w)  Dm  BT 

PAE 

-140 

050 

-1438 

1  20 

1558 

28 

1400 

1  32 

09 

09 

-12.0 

2.50 

-12.38 

3.20 

15.58 

28 

140.0 

2.09 

1.5 

1.5 

-10.0 

4.50 

-10.38 

5.20 

15.58 

28 

1400 

3.31 

2.4 

2.3 

-80 

650 

^38 

720 

1558 

28 

1400 

525 

37 

36 

-6.0 

8.50 

^.38 

9.20 

15.58 

28 

140.0 

8.32 

5.9 

5.8 

4.0 

10.50 

438 

11.20 

15.58 

29 

1450 

13.18 

9.1 

88 

-2.0 

12.33 

-2.38 

13.03 

15.41 

29 

145.0 

20.09 

13.9 

13.5 

00 

1400 

-0.38 

14.70 

15.08 

31 

155.0 

29.51 

190 

184 

20 

1550 

1.63 

1620 

14.58 

32 

1600 

41.69 

261 

25.1 

40 

1667 

3.63 

1737 

13.75 

34 

1700 

54.58 

321 

30.7 

6.0 

1800 

5.63 

18.70 

13.08 

35 

175.0 

74.13 

42.4 

40.3 

The  measured  results  of  the  bare  die  tests  for  this  design  were  very  promising  for  all  DC  power 
input  levels.  From  a  supply  voltage  range  of  2.0  to  5.0  V,  the  DC  power  consumption  varies 
from  46  to  150  mW  with  a  small  signal  gain  from  14.75  to  15.75  dB  and  PAE  from  46.3%  to 
40.3%.  These  values  would  be  affected  by  the  addition  of  the  TR  switch  to  the  design,  but  these 
results  give  a  good  approximation  to  the  behavior  of  a  full  design  of  the  transmit  stage.  The 
input  and  output  matches  of  the  design  are  better  than  -8.0  dB  and  most  cases  are  better  than  the 
goal  of -10.0  dB.  A  phase  difference  of  174.5°  for  the  two  modulation  states  is  within 
acceptable  limits.  Good  performance  of  the  transmit  stage  over  a  wide  swing  of  input  levels 
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means  that  this  design  can  perform  even  as  input  power  degrades  as  would  be  the  case  with  an 
RFID  battery  supply  or  over  an  inconsistent  power  input  if  energy  scavenging  is  used. 

3,9  ARL09G24  -  BPSK  Modulator,  PA,  Narrowband  LNA,  and  TR  Switch  Redesign  with 
Current  Mirror  at  2,4  GHz 

This  is  a  redesign  of  the  ARL07G24  described  in  section  3.7.  The  only  changes  are  the  addition 
of  the  current  mirror  to  the  design  of  the  transmit  stage  and  the  new  circuitry  needed  to  make  the 
control  inputs  of  the  BPSK  modulator  positive.  The  DC  inputs  for  the  BPSK  modulator  is  2.0  to 
5.0  V  to  enable  and  0.0  V  to  disable.  Figure  51  shows  the  layout  for  the  full  booster  chip  design 
at  2.4  GHz. 


Figure  51.  Layout  for  1.66x1.52  mm  RFIC  booster  redesign  with 
robust  current  mirror  at  2.4  GFlz. 

Figures  52  and  53  show  both  modulation  states  have  reasonable  agreement  between  the 
simulated  and  the  measured  data  for  this  design,  although  a  gain  of  less  than  10  dB  is  ~3  dB 
lower  than  the  simulations.  The  input  and  output  matches  of  both  states  are  -9.5  dB  or  better, 
but  the  gains  of  9.2  and  9.0  dB  are  much  lower  than  desired.  Some  additional  gain  might  be 
achieved  by  a  redesign,  but  likely  an  additional  gain  stage  is  needed  at  these  frequencies  to  boost 
the  gain  to  ~20  dB. 
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Figure  52.  Measured  versus  simulated  S-parameters  for  transmit  stage  with  robust  current 
mirror  for  modulation  state  A  at  2.4  GHz.  Dashed  lines  are  simulated  and 
solid  lines  are  measured  data  points. 
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Figure  53.  Measured  versus  simulated  S-parameters  for  transmit  stage  with  robust  current  mirror  for 

modulation  state  B  at  2.4  GHz.  Dashed  lines  are  simulated  and  solid  lines  are  measured  data 
points. 
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Figure  54  compares  the  gain  of  chips  ARL07G24  to  that  of  this  design.  This  design  is  a  redesign 
of  chip  ARL07G24  with  the  addition  of  a  current  mirror  and  additional  circuitry  needed  to 
convert  the  BPSK  modulation  inputs  to  a  positive  voltage.  The  new  2.4-GHz  design  improves 
the  gain  by  2.6  dB  over  the  previous  design  though  they  should  have  been  comparable.  Both  fall 
short  of  the  desired  gain  for  the  transmit  stage  of  this  design. 


Figure  54.  Measured  gain  of  ARL07G24  versus  ARL09G24  for  both  modulation 
states  of  the  transmit  stage  at  2.4  GHz. 

Figure  55  compares  the  input  match  of  chip  ARL07G24  to  this  chip.  The  new  chip  yields 
comparable  values  for  SI  1  at  2.4  GHz  such  that  the  values  for  both  modulation  states  are  within 
1.0  dB  of  each  other  for  both  designs.  An  input  match  of -15.0  dB  or  better  is  excellent  for  this 
design. 
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Figure  55.  Measured  input  match  of  ARL07G24  versus  ARL09G24  for  both 
modulation  states  of  the  transmit  stage  at  2.4  GHz. 


Figure  56  compares  the  output  match  of  design  ARL07G24  to  the  design  of  this  section.  The 
redesigned  chip  yields  a  slight  improvement  over  the  original  design.  An  SI  1  of -9. 2  dB  is 
~2.0  dB  better  than  the  measured  results  of  chip  ARL07G24,  and  a  value  that  is  close  to 
the  -10.0  dB  goal  for  this  design. 
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Figure  56.  Measured  output  match  of  ARL07G24  versus  ARL09G24  for  both 
modulation  states  of  the  transmit  stage  at  2.4  GHz. 

Figure  57  shows  the  results  of  the  measured  versus  simulated  results  for  the  S-parameters  of  the 
LNA  when  the  ehip  is  in  reeeive  mode.  The  measured  results  of  the  bare  die  tests  for  this 
narrowband  design  suffered  from  the  same  stability  problems  of  nearly  identical  LNA  from  chip 
ARL07G24.  A  robust  current  mirror  for  both  the  LNA  and  PA  were  added  to  make  the  design 
operate  over  a  supply  voltage  range  of  2.0  to  5.0  V.  Measurements  of  the  LNA  were  made  at  a 
lower  supply  voltage  before  the  gain  increased  to  the  point  of  becoming  unstable.  The  results  at 
the  lower  DC  bias  show  a  measured  gain  of  only  7.5  dB,  which  is  7.0  dB  of  degradation  over  the 
simulated  gain  of  14.5  dB.  As  mentioned  previously,  this  LNA  design  needs  to  be  redesigned 
and  checked  with  an  EM  simulator  to  avoid  undesired  coupling  that  could  lead  to  instabilities. 
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Figure  57.  Measured  versus  simulated  S-parameters  for  receive  stage  at  2.4  GHz.  Dashed 
lines  are  simulated  and  solid  lines  are  measured  data  points. 

Figure  58  shows  the  measured  versus  simulated  results  for  the  phase  differenee  of  the  two 
modulation  states  of  the  BPSK  modulator.  At  2.4  GFlz  the  measured  phase  difference  is  -188.0° 
versus  a  simulated  value  of -178.5°.  This  result  is  nearly  identical  to  the  BPSK  modulator  in 
ARL07G24,  though  the  control  inputs  were  modified  from  a  negative  voltage  to  a  positive 
voltage.  An  ideal  modulator  would  have  a  180°  phase  difference  between  the  two  modulation 
states  at  the  design  frequency.  A  measured  phase  difference  less  than  10°  is  useful  but  could  be 
improved  with  a  subsequent  redesign. 
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Figure  58.  Measured  versus  simulated  phase  difference  of  the  transmit  stage 

redesign  with  robust  current  mirror  for  3.0  V  DC  at  2.4  GHz.  Blue  is 
measured  and  brown  is  simulated  data  points. 


Figure  59  illustrates  the  relationship  between  PAE,  gain,  and  output  power  as  input  power 
increases.  Output  power  increases  almost  linearly  until  saturation;  PAE  also  reaches  its  optimum 
levels  at  higher  input  powers,  and  gain  decreases  as  input  power  increases  until  saturation  of  the 
amplifier.  Over  the  full  range  of  input  powers  we  see  that  this  design  is  capable  of  providing 
45%  PAE  and  17.5  dBm  of  output  power  with  less  than  3.0  dB  of  gain  compression. 
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Figure  59.  Measured  PAE,  output  power,  and  gain  versus  input  power  for  cascaded  BPSK  modulator  and  PA 
redesign  with  robust  current  mirror  at  2.7  and  3.3  V  DC  at  2.4  GHz. 

Tables  13  and  14  give  the  results  of  the  transmit  stage  for  a  DC  bias  of  2.7  to  3.3  V.  The  input 
and  output  power  levels  have  been  corrected  for  cable  insertion  losses  in  the  measurement  setup. 
Table  13  shows  an  optimum  PAE  of  41.8%  for  an  RF  input  power  of  6  mW  and  table  14  shows 
an  optimum  PAE  of  45.0%  for  an  RF  input  power  of  10  mW.  The  output  power  is  39.2  mW  and 
60.95  mW,  respectively,  while  a  small  signal  gain  of -10.5  dB  is  low  for  the  desired  goal  of  the 
transmit  stage.  Since  the  tables  only  show  a  1.3-  to  2.3-dB  compression  in  gain,  the  values  for 
optimum  output  power  and  PAE  are  expected  to  improve  even  more  as  the  input  power  is 
increased  up  to  the  saturation  level. 


56 


Table  13.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  cascaded  BPSK  modulator  PA,  and 
TR  switch  for  2.7  V  at  2.4  GHz. 
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Table  14.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  cascaded  BPSK  modulator  PA,  and 
TR  switch  for  3.3  V  at  2.4  GHz. 
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The  measured  results  of  the  bare  die  tests  for  this  design  showed  a  need  for  improvement  both  in 
the  transmit  and  receive  stages.  Although  the  PAE  and  output  power  of  the  transmit  stage  was 
good,  the  peak  gain  of -10.5  dB  was  too  low  to  produce  the  desired  output  power.  Since  PAE 
was  almost  50%  even  before  saturation  of  the  amplifier  was  reached,  there  is  room  to  tradeoff 
the  PAE  to  increase  the  gain  in  this  design.  The  ENA  of  the  receive  stage  has  to  be  redesigned  to 
eliminate  the  stability  problem  and  achieve  the  gain  and  NE  goals. 
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3,10  ARL10M900  -  BPSK  Modulator,  PA,  Narrowband  LNA,  and  TR  Switch  Redesign  at 
900  MHz 

This  is  a  redesign  of  the  ARL03M900  described  in  section  3.3.  The  only  changes  are  the 
addition  of  the  current  mirror  to  the  design  of  the  PA  and  modifying  the  BPSK  modulator  inputs 
to  be  a  positive  voltage.  The  DC  input  for  the  switch  states  of  the  BPSK  modulator  is  about 
2.0  to  5.0  V  to  enable  and  0.0  V  to  disable.  The  footprint  of  the  circuit  is  still  1.66x2.41  mm  and 
figure  60  shows  the  layout  for  the  full  RFIC  booster  chip  design  at  900  MHz. 


Figure  60.  Layout  for  1.66x2.41  mm  narrowband  RFIC 
booster  redesign  at  900  MHz. 

Figures  61  and  62  show  both  modulation  states  have  good  agreement  between  the  simulated  and 
the  measured  data  for  this  design.  A  gain  of  13.0  and  12.8  dB,  respectively,  is  acceptable  for  this 
design  even  though  it  is  about  a  1.0  dB  less  than  the  respective  simulated  values.  The  input  and 
output  matches  of  both  states  are  -1 1.5  dB  or  better,  and  show  slight  improvements  over  the 
simulated  values  in  all  cases. 
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Figure  61.  Measured  versus  simulated  S-parameters  for  transmit  stage  with  robust  current 
mirror  for  modulation  state  A  at  900  MHz.  Dashed  lines  are  simulated  and  solid 
lines  are  measured  data  points. 


Figure  62.  Measured  versus  simulated  S-parameters  for  transmit  stage  with  robust  current  mirror  for 
modulation  state  B  at  900  MHz.  Dashed  lines  are  simulated  and  solid  lines  are  measured 
data  points. 
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Figure  63  shows  the  measured  versus  simulated  results  for  the  phase  differenee  of  the  two 
modulation  states  of  the  BPSK  modulator.  At  900  MHz,  the  measured  phase  difference  is  183.3° 
versus  a  simulated  value  of -180.0°.  An  ideal  modulator  would  have  a  180°  phase  difference 
between  the  two  modulation  states  at  the  design  frequency.  Given  the  errors  in  measurement  and 
process  variation,  a  measured  phase  difference  less  than  10°  should  be  within  operational  limits. 
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Figure  63.  Measured  versus  simulated  phase  difference  of  the  transmit  stage 
redesign  with  robust  current  mirror  at  900  MHz.  Blue  is  measured 
and  pink  is  simulated  data  points. 


Figure  64  shows  good  agreement  between  the  measured  and  simulated  S-parameters  of  the  LNA 
plus  TR  switch  when  the  chip  is  in  receive  mode.  The  results  show  a  measured  gain  of  12.9  dB, 
which  is  slightly  less  than  the  simulated  value  and  is  good  for  the  low  current  narrowband  LNA 
design.  The  input  and  output  matches  of -7.1  and  -16.0  dB  are  acceptable. 
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Figure  64.  Measured  versus  simulated  S-parameters  for  receive  stage  at  900  MHz.  Dashed 
lines  are  simulated  and  solid  lines  are  measured  data  points. 

Figure  65  shows  the  measured  versus  simulated  performance  of  the  LNA  in  terms  of  the  gain  and 
NF.  At  900  MHz,  the  measured  gain  of  the  LNA  matches  simulation  very  well  at  -13.25  dB. 
This  also  closely  corresponds  to  the  gain  of  figure  64.  The  measured  NF  of  3.0  dB  at  900  MHz 
is  acceptable  although  a  NF  of  less  than  2.0  dB  is  desired. 
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Figure  65.  The  behavior  of  the  gain  and  NF  for  the  LNA  at  900  MHz. 
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Figure  66  illustrates  the  relationship  between  PAE,  gain,  and  output  power  as  input  power 
increases.  Output  power  increases  almost  linearly  until  saturation;  PAE  also  reaches  its  optimum 
levels  at  higher  input  powers  and  gain  decreases  as  input  power  increases  until  saturation  of  the 
amplifier.  Over  the  measured  range  of  input  powers  we  see  that  this  design  is  capable  of 
providing  44%  PAE  and  16.0  dBm  of  output  power  at  ~3.3  dB  of  gain  compression. 


Figure  66.  Measured  PAE,  output  power,  and  gain  versus  input  power  for  cascaded  BPSK  modulator  and 
PA  redesign  with  robust  current  mirror  for  2.7  V  at  900  MHz. 


Table  15  give  the  results  of  the  transmit  stage  for  a  DC  bias  of  2.7  V.  The  input  and  output 
power  levels  have  been  corrected  for  cable  insertion  losses  in  the  measurement  setup.  Table  15 
shows  an  optimum  PAE  of  44.0%  for  an  RE  input  power  of  4  mW.  The  output  power  is 
41.6  mW,  while  a  small  signal  gain  of  14.0  dB  is  comparable  to  the  desired  goal  of  15.0  dB. 


62 


Table  15.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  cascaded  BPSK  modulator  PA,  and 
TR  switch  for  2.7  V  at  2.4  GHz. 
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The  measured  results  of  the  bare  die  tests  for  this  design  were  very  promising.  A  PAE  of  44% 
was  achievable  for  an  RF  input  of  less  than  4  mW,  and  the  small  signal  gain  of  14.0  dB  is  also 
good.  The  LNA  of  the  receive  stage  has  acceptable  input  and  output  matches,  although  some 
improvement  in  the  input  match  can  be  traded  off  for  NF.  The  gain  of  13.0  dB  for  the  receive 
stage  is  also  very  good. 

3,11  ARL11M450  -  BPSK  Modulator,  PA,  Narrowband  LNA,  TR  Switch  with  Additional 
PA,  and  LNA  Enable  Input  Redesign  at  450  MHz 

This  is  a  redesign  of  the  ARL06M450  described  in  section  3.6.  The  only  change  is  the 
modifications  to  make  the  control  inputs  for  the  TR  switch  and  BPSK  modulator  use  positive 
voltages.  The  DC  input  switch  states  of  the  BPSK  modulator  are  about  2.0  to  5.0  V  to  enable 
and  0  V  to  disable.  The  footprint  of  the  circuit  is  still  1.66x2.41  mm  and  figure  67  shows  the 
layout  for  the  RFIC  booster  chip  design  at  450  MHz. 


63 


Figure  67.  Layout  for  1.66x2.41  mm  RFIC  booster  redesign  design  at  450  MHz. 

Figures  68  and  69  show  both  modulation  states  have  good  agreement  between  the  simulated  and 
the  measured  data  for  this  design.  A  gain  of  13.2  and  13.6  dB,  respectively,  is  acceptable  for  this 
design  even  though  it  is  -1.5  dB  less  than  the  respective  simulated  values.  The  input  and  output 
matches  of  both  states  are  -9.1  dB  or  better  and  are  less  than  -12.0  dB  in  three  of  the  four  cases, 
which  are  all  very  good. 
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Figure  68.  Measured  versus  simulated  S-parameters  for  transmit  stage  for  modulation 
state  A  at  450  MHz.  Solid  traces  are  the  measured  data  points  and 
dotted  traces  are  the  simulated  values. 


Figure  69.  Measured  versus  simulated  S-parameters  for  transmit  stage  for  modulation 
state  B  at  450  MHz.  Solid  traces  are  the  measured  data  points  and 
dotted  traces  are  the  simulated  values. 

Figure  70  shows  the  measured  versus  simulated  results  for  the  phase  differenee  of  the  two 
modulation  states  of  the  BPSK  modulator.  At  450  MHz,  the  measured  phase  difference  is  184.7° 
versus  a  simulated  value  of -180.0°.  An  ideal  modulator  would  have  a  180°  phase  difference 
between  the  two  modulation  states  at  the  design  frequency.  Given  the  errors  in  measurement  and 
process  variation,  a  measured  phase  difference  less  than  10°  should  be  within  operational  limits. 
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Figure  70.  Measured  versus  simulated  phase  difference  of  the  transmit  at  450  MHz.  Blue 
is  measured  and  pink  is  simulated  data  points. 


Figure  71  shows  the  results  of  the  measured  versus  simulated  results  for  the  S-parameters  of  the 
LNA  for  the  chip’s  receive  mode.  The  results  show  a  measured  gain  of  8.8  dB.  The  output 
match  of-13.7  is  good,  as  is  the  input  match  of-12.9  dB. 
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Figure  71.  Measured  versus  simulated  S-parameters  for  receive  stage  at  450  MHz.  Solid 
traces  are  the  measured  data  points  and  dotted  traces  are  the  simulated  values. 


Figure  72  shows  the  results  of  the  measured  versus  simulated  results  for  the  S-parameters  of  the 
LNA  for  the  isolation  between  the  transmit  and  receive  isolation  when  the  TR  switch  is  set  to 
transmit.  The  results  show  a  measured  gain  of -12.3  dB,  which  is  over  20  dB  of  isolation.  The 
output  match  of-12.3  dB  is  good,  but  the  input  match  of -4.0  dB  is  poor  as  the  LNA  is  not  in 
receive  mode. 
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Figure  72.  Measured  versus  simulated  S-parameters  for  receive  stage  at  450  MHz  with  TR 
switch  set  to  transmit.  Solid  traces  are  the  measured  data  points  and  dotted 
traces  are  the  simulated  values. 
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Figure  73  shows  the  measured  versus  simulated  performanee  of  the  LNA  in  terms  of  the  gain  and 
NF.  At  450  MFIz,  the  measured  gain  of  the  LNA  is  10.0  dB,  which  is  lower  than  the  desired 
value  of  15.0  dB,  and  a  NF  of  ~4.0  dB  at  500  MHz  shows  that  this  design  does  not  perform  as 
expected  from  the  simulations.  There  is  a  lot  of  ripple  in  the  NF  measurement  but  it  does  start  to 
match  the  simulations  above  700  MHz. 
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Figure  73.  The  behavior  of  the  gain  and  NF  for  the  LNA  at  450  MHz. 

Figure  74  illustrates  the  relationship  between  PAE,  gain,  and  output  power  as  input  power 
increases.  Output  power  increases  almost  linearly  until  saturation;  PAE  also  reaches  its  optimum 
levels  at  higher  input  powers  and  gain  decreases  as  input  power  increases  until  there  is  saturation 
of  the  amplifier.  Over  the  measured  range  of  input  powers  we  see  that  this  design  is  capable  of 
providing  42.5%  PAE  and  16.0  dBm  of  output  power. 
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Figure  74.  Measured  PAE,  output  power,  and  gain  versus  input  power  for  cascaded  BPSK  modulator  and  PA 
redesign  with  robust  current  mirror  for  2.7  V  at  900  MHz. 

Tables  16  and  17  give  the  results  of  the  transmit  stage  for  a  DC  supply  of  2.7  and  3.0  V.  The 
input  and  output  power  levels  have  been  corrected  for  cable  insertion  losses  in  the  measurement 
setup.  Table  16  shows  an  optimum  PAE  of  42.3%  for  an  RF  input  power  of  4  mW  and  table  17 
shows  an  optimum  PAE  of  42.3%  for  an  RF  input  power  of  4  mW.  The  output  power  is  3 1 .95 
and  40.2  mW,  respectively,  while  a  small  signal  gain  of  approximately  13.6  and  14.4  dB  for  both 
tables  is  near  the  desired  goal  for  the  transmit  stage. 

Table  16.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  cascaded  BPSK  modulator  PA, 
and  TR  switch  for  2.7  V  at  450  MHz. 


450  MHz 

Die#1  PA450MHZ  Emode  ARL  #11  Tile  1  TQPEC2  7V  :  15  mA 

0.75  dB  thru  loss 

Pin(SG) 

Pout(SA)  Pin(corr) 

Pout(corri 

Gain  l(2.7V) 

PDC(mw) 

Pout(mw) 

Dm  Eff  PAE 

-10.0 

2.50 

-10.70 

2.88 

13.58 

15 

40.5 

1.94 

4.8 

4.6 

-8.0 

4.50 

-8.70 

4.88 

13.58 

15 

40.5 

3.07 

7.6 

7.3 

-6.0 

6.50 

-6.70 

6.88 

13.58 

16 

43.2 

4.87 

11.3 

10.8 

-4.0 

8.33 

-4.70 

8.71 

13.41 

16 

43.2 

742 

17.2 

16.4 

-2.0 

10.17 

-2.70 

10.55 

13.25 

18 

48.6 

11.34 

23.3 

22.2 

0.0 

11.83 

-0.70 

12.21 

12.91 

20 

54.0 

16.61 

30.8 

29.2 

2.0 

13.33 

1.30 

13.71 

12.41 

22 

59.4 

23.47 

39.5 

37.2 

4.0 

14.17 

3.30 

14.55 

11.25 

24 

64.8 

28.48 

43.9 

40.6 

6.0 

14.67 

5.30 

15.05 

9.75 

25 

67.5 

31.95 

47.3 

42.3 
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Table  17.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  cascaded  BPSK  modulator  PA,  and 
TR  switch  for  3.0  V  at  450  MHz. 


450  MHz 

Die#1 

PA450MHZ  Em  ode  ARL  #11  Tile  1  TQPEC 

3V  :  22  mA 

Pin(SG) 

Pout(SA) 

Pin(corr) 

Pout(corr)Gaiii 

l(3V) 

PDC(mw) 

Pout(mw) 

Dm  Eff  PAE 

-10.0 

3.33 

-10.70 

3.71 

14.41 

21 

63.0 

2.35 

3.7 

3.6 

-8.0 

5.50 

-8.70 

5.88 

14.58 

22 

66.0 

3.87 

5.9 

5.7 

-6.0 

7.67 

-6.70 

8.05 

14.75 

22 

66.0 

6.38 

9.7 

9.3 

-4.0 

9.67 

-4.70 

10.05 

14.75 

22 

66.0 

10.10 

15.3 

14.8 

-2.0 

11.50 

-2.70 

11.88 

14.58 

23 

69.0 

15.40 

22.3 

21.5 

0.0 

13.17 

-0.70 

13.55 

14.25 

25 

75.0 

22.62 

30.2 

29.0 

2.0 

14.50 

1.30 

14.88 

13.58 

27 

81.0 

30.73 

37.9 

36.3 

4.0 

15.33 

3.30 

15.71 

12.41 

28 

84.0 

37.20 

44.3 

41.7 

6.0 

15.67 

5.30 

16.05 

10.75 

29 

87.0 

40.23 

46.2 

42.3 

The  measured  results  of  the  bare  die  tests  for  this  design  were  promising  for  the  transmit  stage, 
but  showed  a  need  for  improvement  in  terms  of  the  reeeive  stage.  An  acceptable  gain  was 
achieved  as  well  as  a  good  PAE  measurement  at  lower  DC  input  powers  than  in  previous 
designs.  However,  the  optimal  output  power  was  somewhat  lower  than  in  previous  designs  due 
to  loss  from  the  TR  switch.  The  low  current  narrowband  LNA  of  the  receive  stage  had  good 
input  and  output  matches,  a  low  gain  of  ~10  dB,  and  a  poor  NF,  which  will  introduce  additional 
noise  into  the  amplified  signal. 

3.12  ARL12M450  -  BPSK  Modulator,  PA,  and  TR  Switch  Design  at  450  MHz 

This  design  is  a  narrowband  cascaded  BPSK  modulator,  PA,  and  TR  switch  designed  at 
450  MHz  on  a  1.66x1.52  mm  die.  There  was  not  enough  room  to  add  the  ground-signal-ground 
(GSG)  pads  needed  to  measure  the  receive  path  for  the  TR  switch  individually.  This  TR  switch 
may  have  higher  insertion  loss  than  the  other  450-MHz  design  because  the  capacitors  are  smaller 
due  to  the  limited  area  available  in  the  die.  This  design  provided  the  designers  with  a  way  to 
gauge  the  effect  of  the  TR  switch  on  the  transmit  stage  without  having  to  deal  with  potential 
degradation  from  isolation  issues  introduced  with  the  addition  of  the  receive  mode  to  the  design. 
This  provides  a  good  metric  to  measure  the  full  RFIC  booster  chip  design  against  ARL08M450. 
Figure  75  shows  the  layout  of  the  design  that  was  used  for  the  simulations. 
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Figure  75.  Layout  for  cascaded  BPSK  modulator,  PA,  and  TR  switch  at  450  MHz. 

Figures  76  and  77  show  both  modulation  states  have  good  agreement  between  the  simulated  and 
the  measured  data  for  this  design.  A  gain  of  14.1  and  15.7  dB,  respectively,  is  very  good  for  this 
design.  The  input  and  output  matches  of  both  states  are  -9.0  dB  or  better  and  are  similar  to  the 
simulated  values. 
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Figure  76.  Measured  versus  simulated  S-parameters  for  transmit  stage  for  modulation 
state  A  at  450  MHz.  Dashed  lines  are  simulated  and  solid  lines  are 
measured  data  points. 
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Figure  77.  Measured  versus  simulated  S-parameters  for  transmit  stage  for  modulation 
state  B  at  450  MHz.  Dashed  lines  are  simulated  and  solid  lines  are 
measured  data  points. 


Figure  78  shows  the  measured  versus  simulated  results  for  the  phase  differenee  of  the  two 
modulation  states  of  the  BPSK  modulator.  At  450  MHz,  the  measured  phase  differenee  is  171.0° 
versus  a  simulated  value  of -179.0°.  An  ideal  modulator  would  have  a  180°  phase  difference 
between  the  two  modulation  states  at  the  design  frequency.  Given  the  errors  in  measurement  and 
process  variation,  a  measured  phase  difference  less  than  10°  should  be  within  operational  limits. 
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Figure  78.  Measured  versus  simulated  phase  difference  of  the  transmit  stage  redesign  with 
robust  current  mirror  at  900  MHz.  Blue  is  measured  and  pink  is  simulated 
data  points. 

The  measured  results  of  the  bare  die  tests  for  this  design  were  promising.  A  very  good  gain  of 
~15.0  dB  was  achieved  for  both  modulation  states.  The  input  and  output  matches  were  within  or 
better  than  acceptable  limits  as  was  the  measured  phase  difference  of  the  modulation  states. 

3,13  ARL13M450  -  Individual  BPSK  Modulator  and  PA  Redesign  without  Current 
Mirror  at  450  MHz 

This  is  a  test  chip  based  on  the  ARL08M450  design  described  in  section  3.8.  Additional  GSG 
probe  pads  were  added  so  that  the  BPSK  modulator  and  PA  performances  could  be  measured 
individually.  The  current  mirror  is  not  a  part  of  this  design  as  it  was  for  the  ARL08M450  design, 
but  the  BPSK  modulation  inputs  use  positive  voltages.  Figure  79  shows  the  layout  for  the  BPSK 
modulator  and  PA  at  450  MHz. 


73 


Figure  79.  Layout  of  cascaded  BPSK  modulator  and  PA  design  with 
additional  GSC  pads  at  450  MHz. 

Figure  80  shows  the  measured  results  of  the  bare  die  versus  the  simulated  results  for  the  gain  of 
the  PA  at  450  MHz.  The  measured  results  at  2.7  V  show  a  gain  of  18.5  dB,  and  ideally  the  PA 
would  achieve  a  gain  of  20.0  dB  before  additional  losses  were  introduced.  The  measurements 
match  simulation  very  well  considering  the  blue  and  pink  plots  are  simulated  gain  at  higher  DC 
supply  values  than  that  of  the  measured  data. 
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Figure  80.  Measured  versus  simulated  gain  for  PA  at  450  MHz.  The  red  traces  are 
measured  data  points  at  2.7  V,  while  the  other  traces  are  simulations  at 
2.5  and  3.0  V. 


Figure  81  shows  the  measured  results  of  the  bare  die  versus  the  simulated  results  for  the  input 
mateh  of  the  PA  at  450  MHz.  The  measured  results  at  2.7  V  match  the  simulation  very  closely, 
but  an  SI  1  of -A.l  dB  is  poor. 


Figure  81.  Measured  versus  simulated  input  match  for  PA  at  450  MHz.  Red  is  the 
measured  data  points. 
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Figure  82  shows  the  measured  results  of  the  bare  die  versus  the  simulated  results  for  the  output 
match  of  the  PA  at  450  MHz.  The  measured  results  at  2.7  V  match  the  simulation  very  closely, 
and  a  SI  1  of -8. 5  dB  is  an  improvement  over  the  poor  input  match  and  close  to  a  desired  goal  of 


Figure  82.  Measured  versus  simulated  output  match  for  PA  at  450  MHz.  The  red  line  is 
measured  data. 


Figures  83  and  84  show  the  measured  results  of  the  bare  die  for  DC  input  voltages  of  1.8  to  5.0  V 
for  the  input  and  output  match  of  the  BPSK  modulator  at  450  MHz.  The  measured  results  across 
all  DC  supply  ranges  match  very  closely  and  are  better  than  -10.0  dB  for  all  cases  in  both 
modulation  states. 
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Figure  83.  Measured  input  match  for  BPSK  modulator  in  modulation  state  A  from 
1.8  to  5.0  V  DC  input  at  450  MHz. 


Figure  84.  Measured  input  match  for  BPSK  modulator  in  modulation  state  B 
from  1.8  to  5.0  V  DC  input  at  450  MHz. 
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Figures  85  and  86  show  the  measured  results  of  the  bare  die  for  DC  input  voltages  of  1.8  to  5.0  V 
for  the  insertion  loss  of  the  BPSK  modulator  at  450  MHz  in  both  modulation  states.  The 
measured  results  across  all  DC  supply  ranges  match  closely,  but  there  is  about  a  0.4-dB 
improvement  at  the  DC  supply  levels  above  2.5  V.  Both  modulation  states  show  an  insertion  loss 
of -2.0  to  -2.5  dB,  which  is  acceptable. 


Figure  85.  Measured  insertion  loss  for  BPSK  modulator  in  modulation  state 
A  from  1.8  to  5.0  V  DC  input  at  450  MHz. 
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Figure  86.  Measured  insertion  loss  for  BPSK  modulator  in  modulation 
state  B  from  1.8  to  5.0  V  DC  input  at  450  MHz. 


Figure  87  shows  the  measured  versus  simulated  results  for  the  phase  differenee  of  the  two 
modulation  states  of  the  BPSK  modulator.  At  2.4  GFlz,  the  magnitude  of  the  measured  phase 
differenee  is  180.0°  versus  a  simulated  value  of -177.0°.  An  ideal  modulator  would  have  a  180° 
phase  difference  between  the  two  modulation  states  at  the  design  frequency,  and  the  measured 
data  actually  show  an  improvement  over  the  simulated  data. 
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Figure  87.  Measured  versus  simulated  phase  difference  of  the  transmit  stage  redesign  with  robust 
current  mirror  at  2.4  GHz.  Green  is  measured  and  purple  is  simulated  data  points. 

Figure  88  illustrates  the  relationship  between  PAE,  gain,  and  output  power  as  input  power 
inereases.  Output  power  inereases  almost  linearly  until  saturation;  PAE  reaehes  its  optimum 
levels  at  higher  input  powers  and  gain  decreases  as  input  power  increases  until  saturation  of  the 
amplifier.  Over  the  measured  range  of  input  powers  we  see  that  this  design  is  capable  of 
providing  50%  PAE  and  17.2  dBm  of  output  power. 
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Figure  88.  Measured  PAE,  output  power,  and  gain  versus  input  power  for  PA  for  2.7  V  at  450  MHz. 

Tables  18  and  19  give  the  results  of  the  transmit  stage  for  a  DC  bias  of  2.7  and  3.0  V.  The  input 
and  output  power  levels  have  been  corrected  for  cable  insertion  losses  in  the  measurement  setup. 
Table  18  shows  an  optimum  PAE  of  52.1%  for  an  RE  input  power  of  1  mW  and  table  19  shows 
an  optimum  PAE  of  50.6%  for  an  RE  input  power  of  1  mW.  The  output  power  is  41 .7  and 
52.5  mW,  respectively,  while  a  small  signal  gain  of  20.8  and  21 .3  dB  for  both  supply  voltages 
meets  the  design  goal.  A  PAE  of  better  than  50%  and  a  gain  of  better  than  20.0  dB  is  very  good 
for  an  RE  input  power  of  1  mW,  but  this  is  before  losses  introduced  by  the  BPSK  modulator, 
attenuator,  and  TR  switch  are  taken  into  account. 
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Table  18.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  PA  at  2.7  V  and  2.4  GHz. 


450  MHz 

Die#1 

PA45DUHZ  Emode  ARL  Tile  1  TQPED 

2.7V  :  17  mA 

PilKSG) 

Poii1(SA)  Pin(coii) 

Pout(coiTj  Gain  I1(2.7V) 

PDC^w)  PoiiKniw)  Dm  EIT  PAE 

-15.0 

4.00 

-15.38 

4.70 

20.08 

17 

45.9 

2.95 

6.4 

6.4 

-13.0 

5.83 

-13.38 

6.53 

19.91 

17 

45.9 

4.50 

9.8 

9.7 

-11.0 

7.67 

-11.38 

8.37 

19.75 

18 

48.6 

6.87 

14.1 

14.0 

-9.0 

9.50 

-9.38 

10.20 

19.58 

19 

51.3 

10.47 

20.4 

20.2 

-7.0 

11.00 

-7.38 

11.70 

19.08 

20 

54.0 

14.79 

27.4 

27.1 

-5.0 

12.67 

-5.38 

13.37 

18.75 

23 

62.1 

21.73 

35.0 

34.5 

-3.0 

14.17 

-3.38 

14.87 

18.25 

26 

70.2 

30.69 

43.7 

43.1 

-1.0 

15.17 

-1,38 

15.87 

17.25 

28 

75.6 

38.64 

51.1 

50.1 

0.0 

15.50 

-0.38 

16.20 

16.58 

29 

78.3 

41.69 

53.2 

52.1 

Table  19.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  PA  at  3.0  V  and  2.4  GHz. 


450  MHz 

Die#1 

PA450UHZ  Bnode  ARL  Tile  1  TQPED 

3V  ;25mA 

PiiKSG) 

Poiil(SA) 

Pill(COIT) 

Poiil(corTlGain  I1(3V) 

! 

Q. 

Poiil(mw^  Dm  Elf 

PAE 

-15.0 

5.17 

-15.38 

5.87 

21.25 

25 

75.0 

3.86 

5.2 

5.1 

-13.0 

7.00 

-13.38 

7.70 

21.06 

25 

75.0 

5.89 

7.9 

7.8 

-11.0 

8.83 

-11.38 

9.53 

20.91 

25 

75.0 

8.97 

12.0 

11.9 

-9.0 

10.67 

-9.38 

11.37 

20.75 

25 

75.0 

13.71 

18.3 

18.1 

-7.0 

12.33 

-7.38 

13.03 

20.41 

27 

81.0 

20.09 

24.8 

24.6 

-5.0 

14.00 

-6.38 

14.70 

20.06 

29 

87.0 

29.51 

33.9 

33.6 

-3.0 

15.33 

-3.38 

16.03 

19.41 

31 

93.0 

40.09 

43.1 

42.6 

-1.0 

16.17 

-1.38 

16.87 

18.25 

33 

99.0 

48.64 

49.1 

484 

0.0 

16.50 

-0.38 

17.20 

17.58 

34 

10Z0 

52.48 

51.5 

504 

The  measured  results  of  the  bare  die  tests  for  this  design  showed  very  good  results  for  the  PA 
and  BPSK  individually.  The  PAE,  output  power,  and  gain  of  the  PA  are  all  very  good  and  meet 
the  design  goals.  Insertion  loss,  input  match,  output  match  and  phase  difference  of  the  BPSK 
modulator  show  that  it  meets  the  design  goals  as  well,  though  the  insertion  loss  could  be 
improved. 

3,14  ARL14G24  -  BPSK  Modulator,  PA,  Narrowband  LNA,  and  TR  Switch  Redesign  with 
Current  Mirror  at  2,4  GHz 

This  is  a  test  chip  based  on  the  ARL09G24  design  described  in  section  3.9.  Additional  GSG 
probe  pads  were  added  so  that  the  performances  of  each  element  could  be  measured  individually. 
The  current  mirror  is  not  a  part  of  this  design  as  it  was  for  the  ARL09G24  design,  but  the  BPSK 
modulation  inputs  use  positive  voltages.  The  footprint  of  the  circuit  is  still  1.66x1.52  mm  and 
figure  89  shows  the  layout  for  the  RFIC  booster  chip  at  2.4  GHz. 
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Figure  89.  Layout  of  1.66x1.52  mm  RFIC  design  with  additional  GSC  pads  at  2.4  GHz. 

Figure  90  shows  the  measured  results  of  the  bare  die  versus  the  simulated  results  for  the  gain  of 
the  PA  at  2.4  GHz.  The  measured  results  at  2.7  V  show  a  gain  of  14.0  and  15  dB  at  3.0  V  and 
match  the  simulation  very  well. 


freq,  GHz 


Figure  90.  Measured  versus  simulated  gain  for  PA  at  2.4  GHz.  The  blue  and  red  traces  are 
measured  data. 
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Figure  91  shows  the  measured  results  of  the  bare  die  versus  the  simulated  results  for  the  input 
mateh  of  the  PA  at  2.4  GHz.  The  measured  results  at  3.0  V  match  the  simulated  data  almost 
exactly.  This  input  match  is  less  than  the  desired  -10  dB  return  loss  goal,  but  gain,  bandwidth, 
and  return  loss  are  part  of  the  design  tradeoffs. 
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Figure  91.  Measured  versus  simulated  input  match  for  PA  at  2.4  GHz.  The  red  trace  is  the 
measured  data. 

Figure  92  shows  the  measured  results  of  the  bare  die  versus  the  simulated  results  for  the  output 
match  of  the  PA  at  2.4  GHz.  The  measured  results  at  3.0  V  show  an  S22  of  better  than  -10  dB 
meeting  the  desired  goal. 
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data. 

Figure  93  shows  the  measured  results  of  the  bare  die  versus  the  simulated  results  for  the  S- 
parameters  of  the  BPSK  modulator  at  2.4  GHz.  The  measured  results  for  both  modulation  states 
match  very  closely  and  an  insertion  loss  of -1.9  dB,  an  input  match  of -13. 9  dB,  and  an  output 
match  of -16.5  dB  are  all  excellent  measurements  for  this  design. 
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PAMP.M:  BPSK  MODULATOR  2.4  GHZ 


Figure  93.  Measured  S-parameters  for  BPSK  modulator  in  both  modulation  states  at  450  MHz. 

Figure  94  shows  the  measured  versus  simulated  results  for  the  phase  differenee  of  the  two 
modulation  states  of  the  BPSK  modulator.  At  2.4  GHz,  the  magnitude  of  the  measured  phase 
differenee  is  186.0°  versus  a  simulated  value  of -180.0°.  An  ideal  modulator  would  have  a 
180.0°  phase  differenee  between  the  two  modulation  states  at  the  design  frequeney.  Given  the 
errors  in  measurement  and  process  variation,  a  measured  phase  difference  less  than  10°  should 
be  within  operational  limits. 
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Figure  94.  Measured  versus  simulated  phase  difference  of  the  transmit  stage  redesign  with 
robust  current  mirror  at  2.4  GHz.  Green  is  measured  and  purple  is  simulated 
data  points. 


Figure  95  shows  the  LNA  at  2.4  GHz.  There  was  an  inadvertent  design  flaw  that  bypassed  a 
matching  capacitor  for  the  input  match.  Surprisingly,  this  layout  flaw  in  the  test  circuit  led  to  a 
stable  LNA  design,  which  matches  the  re-simulations,  once  the  series  matching  capacitor  is 
omitted. 
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Figure  95.  Measured  versus  re-simulated  s-parameters  for  the  LNA  with  an  error  in  the 
input  match  layout  at  2.4  GHz.  The  solid  traces  are  measured  data  and  the 
dotted  traces  are  simulations. 

Figure  96  illustrates  the  relationship  between  PAE,  gain,  and  output  power  as  input  power 
increases.  Output  power  increases  almost  linearly  until  saturation;  PAE  also  reaches  its  optimum 
levels  at  higher  input  powers  and  gain  decreases  as  input  power  increases  until  saturation  of  the 
amplifier.  Over  the  measured  range  of  input  powers,  we  see  that  this  design  is  capable  of 
providing  62.5%  PAE  and  18.0  dBm  of  output  power. 
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Figure  96.  Measured  PAE,  output  power,  and  gain  versus  input  power  for  cascaded  BPSK  modulator  and  PA 
redesign  with  robust  current  mirror  for  2.7  V  at  900  MHz. 

Tables  20  and  21  give  the  results  of  the  transmit  stage  for  a  DC  supply  of  2.7  and  3.0  V.  The 
input  and  output  power  levels  have  been  eorreeted  for  cable  insertion  losses  in  the  measurement 
setup.  Table  20  shows  an  optimum  PAE  of  62.6%  for  an  RF  input  power  of  4  mW  and  table  21 
shows  an  optimum  PAE  of  59.7%  for  an  RF  input  power  of  4  mW.  The  output  power  is  57.4 
and  69.7  mW,  respectively,  while  a  small  signal  gain  of -15.0  dB  for  both  supply  voltages  meets 
the  design  goal.  Since  the  tables  only  show  a  2.0-  to  2.5-dB  compression  in  gain,  the  values  for 
optimum  output  power  and  PAE  are  expected  to  improve  even  more  as  the  input  power  is 
increased  up  to  the  saturation  level. 


89 


Table  20.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  PA  at  2.7  V  and  2.4  GHz. 


E  Mode  Power  Afnps-2400  MHz  at  Z7aOV 

1.52  ifittnj  loss 

2400  MHz 

Die#1 

PA2400IME  Enode  ARL  He  14 

IQPH) 

Z7V;17mA 

PnfSG) 

PoillfSA) 

Pnfcon) 

Poiil(coir]Gan 

I1^7V) 

PDqnw) 

Poii((bw)  Dhi  Bf 

PAE 

-10.0 

133 

-10.76 

4.09  14.85 

17 

45l9 

Z56 

16 

14 

^0 

5l33 

-176 

&09  14.85 

17 

45l9 

4.06 

19 

16 

^0 

7.17 

-176 

7  93  1469 

17 

45l9 

121 

13.5 

111 

4.0 

917 

4.76 

9.93  1469 

18 

486 

984 

20.2 

196 

^0 

1083 

-Z76 

1159  14  35 

20 

54.0 

14.42 

217 

257 

0.0 

1Z50 

-0.76 

13l26  14.02 

22 

59.4 

21.18 

317 

34.2 

ZO 

14.17 

1.24 

14.93  13.69 

25 

67.5 

31.12 

411 

44.1 

4.0 

15l67 

3l24 

1&43  13.19 

29 

78l3 

43J95 

511 

514 

&0 

ias3 

124 

1759  12.35 

32 

86l4 

5741 

66^4 

62.6 

Table  21.  Measured  gain,  PAE,  and  output  power  versus  input  power  for  PA  at  3.0  V  and  2.4  GHz. 


6/1812009 

1.52  dB  thru  loss 

2400Aftiz 

De#1 

PA2400MHZ  Bnode  ARL  Tile  14  IQPH) 

3.0V;  25  mA 

Pin(SG) 

Pout(SA) 

Pin(oon)  PouQoon]  Gain 

I1(10V) 

PDC{mw)  Pouf(mw)  Dhi  Bf  PAE 

-10.0 

3.83 

-10.76 

4.59 

1135 

25 

710 

Z88 

3.8 

3.7 

-8.0 

5.83 

-8.76 

6.59 

1135 

25 

710 

4.56 

6.1 

19 

-60 

7.83 

-6  76 

859 

1135 

25 

710 

7.23 

96 

94 

4.0 

9.83 

4.76 

10.59 

1135 

25 

710 

11.46 

113 

14.8 

ZO 

11.83 

-Z76 

1Z59 

1135 

26 

78.0 

1816 

23.3 

2Z6 

0.0 

13.67 

-0.76 

14.43 

1119 

27 

81.0 

27.73 

34.2 

33.2 

ZO 

15.17 

1.24 

15.93 

1469 

30 

90.0 

39.17 

43.5 

4Z0 

4.0 

16.67 

3.24 

17.43 

14.19 

34 

10Z0 

55.34 

14.3 

5Z2 

60 

17.67 

5.24 

1843 

1119 

37 

1110 

69.66 

6Z8 

59.7 

The  measured  results  of  the  bare  die  tests  for  this  design  showed  a  need  for  improvement  in 
terms  of  both  the  input  and  output  matches  of  the  transmit  stage.  The  PAE,  output  power,  and 
peak  gain  are  excellent  for  the  PA.  A  design  flaw  occurred  in  the  layout  of  the  LNA  in  this  test 
circuit  but  that  helped  isolate  the  stability  problem  in  the  actual  design.  The  measurements  of  the 
BPSK  design  indicate  that  it  functions  very  well. 


4.  Performance  Summary 


Table  22  summarizes  the  performance  of  the  various  designs.  The  first  column  is  the  design 
number  followed  by  the  design  frequency  (450,  900,  or  2400  MHz).  The  next  column  contains  a 
check  mark  for  having  a  BPSK  modulator — note  that  all  designs  include  this  item.  PAE  is  given 
as  a  percentage  (%)  under  the  PA  column.  The  NE  (in  dB)  is  given  under  the  ENA  column.  The 
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other  columns  designate  whether  there  is  a  TR  switch  and  the  voltage  polarity  of  the  BPSK  and 
TR  switch  control  signals.  A  minus  (-)  indicates  negative  voltages  (0,  -3  V  typically)  and  a  plus 
(+)  indicates  positive  voltages  (0,  +3  V  typically).  The  column  “Enb”  designates  whether  the 
circuit  contains  a  gate  enable  control  input  or  not.  If  there  is  a  robust  current  mirror  bias  to  allow 
a  range  of  supply  voltages,  it  is  indicated  in  “Robust  DC”  column  All  designs  fit  in  either  a 
3x3  mm  quad  fiat  non-leaded  (QFN)  package  or  a  4x4  mm  QFN  package,  as  designated  in  the 
PKG  column.  Lastly,  a  few  notes  are  added  in  the  final  column.  Additional  performance  checks 
for  the  various  designs  will  be  performed  on  the  packaged  devices.  Package  effects  are  expected 
to  be  minimal,  particularly  for  the  450-  and  900-MHz  designs. 


Table  22.  A  summary  of  the  performance  of  the  various  designs. 


Design 

Freq 

BP 

SK 

PA 

LNA 

TRS 

Cont 

BPSK 

Cont 

TRS 

Enb 

Robust 

DC 

PKG 

Notes 

1 

900 

V 

V58 

V2.1 

- 

3x3 

Sep.BB  LNA 

2 

450 

V 

V43 

- 

3x3 

See  #8 

3 

900 

V 

V31 

V3.5 

V 

- 

+ 

4x4 

OK 

4 

900 

V 

V26 

V2.5 

V 

- 

- 

3x3 

Stable  LNA/PA 

5 

450 

V 

V38 

V 

V 

- 

+ 

4x4 

Bad  TRS  Layout 

6 

450 

V 

V40 

V 

V 

- 

+ 

yes 

4x4 

See  #11 

7 

2.4G 

V 

V 

V 

V 

- 

+ 

3x3 

See  #9,  Bad  LNA 

8 

450 

V 

V45 

V 

+ 

+ 

yes 

3x3 

Good  Perform. 

9 

2.4G 

V 

V45 

V 

V 

+ 

+ 

3x3 

Bad  LNA 

10 

900 

V 

V44 

V3.1 

V 

+ 

+ 

yes 

4x4 

Good  Perform. 

11 

450 

V 

V41 

V3.4 

V 

+ 

+ 

yes 

4x4 

Good  Perform. 

12 

450 

V 

V 

V 

+ 

+ 

yes 

3x3 

#8  w/  TRS 

13 

450 

V 

V52 

+ 

3x3 

#8  Test  Chip 

14 

2.4G 

V 

V63 

V 

V 

+ 

+ 

3x3 

#9  Test  Chip 

15 

18G 

NA 

Worked,  Bad  C. 

_ 
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5.  Conclusions 


The  purpose  of  the  RFIC  booster  ehip  is  to  inerease  the  performanee  of  RF  front  ends  based  on 
oommereial-off-the-shelf  (COTS)  parts.  The  booster  ehip  should  be  customized  to  the  desired 
power  supply  voltage,  output  power  levels  required,  NF,  and  gain  to  improve  existing  systems 
but  minimize  complexity  by  simply  inserting  the  booster  chip  between  the  transceiver  and 
antenna. 

Multiple  versions  of  some  simple  circuits  were  fabricated  in  GaAs  because  of  the  excellent 
performance  of  GaAs  for  switches,  LNAs,  and  very  efficient  PAs.  The  frequencies  of  interest 
were  chosen  as  450  MHz,  900  MHz,  and  2.4  GHz  as  these  covered  several  commercial  bands  of 
operation.  Various  combinations  of  LNAs,  a  high  speed  BPSK  modulator,  an  efficient 
customized  PA,  and  a  low  loss  TR  switch  were  combined  on  the  first  design  pass  to  test  the 
designs  and  learn  enough  through  measurements  to  tweak  the  first  pass  designs  into  final  RFIC 
chips.  These  final  designs  could  be  customized  with  the  desired  combinations  of  components 
and  optimized  for  the  particular  specifications  desired. 

Overall,  the  designs  were  very  successful  and  achieved  the  goal  of  this  effort.  The  one 
disappointment  may  have  been  the  stability  problems  of  the  2.4-GHz  LNA,  but  a  lesson  was 
learned  in  that  the  stability  problem  can  be  predicted  by  simulations  with  Sonnet  EM  software  in 
addition  to  using  ADS  and  MWO  simulations.  The  TR  switch  and  BPSK  modulator  insertion 
losses  were  likewise  a  little  higher  than  expected,  but  these  results  can  be  used  to  redesign  those 
circuits  for  lower  loss  in  future  designs.  Also,  the  effect  of  the  TR  switch  was  not  factored  fully 
into  the  design  of  the  PA  and  LNAs.  These  effects  can  be  incorporated  into  optimizing  the 
amplifiers  at  the  system  level,  and  not  just  into  ideal  50-ohm  input  and  outputs.  Next,  the 
designs  will  be  tested  in  packages,  noting  any  effects  from  the  package  parasitics  that  could  also 
be  factored  into  optimized  future  second  pass  designs.  Additionally,  some  kind  of  system-level 
test  needs  to  be  performed  with  a  packaged  device  and  integrated  into  an  RF  front  end  to  show 
the  improvements  possible  at  the  system  level.  There  might  be  some  additional  refinements  to 
any  optimized  second  pass  designs  based  on  lessons  learned  in  the  system  level  test. 


6.  Path  Forward 


The  most  promising  designs  from  this  round  of  testing  need  to  be  packaged  and  retested  to  verify 
that  the  packaging  does  not  introduce  any  great  degradation  to  the  performance  of  the  design. 
These  packaged  chips  then  need  to  be  integrated  into  an  evaluation  circuit  to  test  the 
performance  of  the  booster  chip  during  actual  RF  transmission  and  reception,  and  also  to 
determine  how  easy  it  is  to  control  the  DC  inputs  with  routed  circuit  lines  on  a  printed  circuit 
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board  (PCB).  Performance  will  be  based  on  whether  the  chip  significantly  increases  the 
transmission  range  between  two  wireless  nodes  in  comparison  to  the  same  RF  front  end  but 
without  the  RFIC  booster  chip  included. 
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List  of  Symbols,  Abbreviations,  and  Acronyms 


ADS 

Agilent  Design  System 

BPSK 

binary  phase  shift  keying 

COTS 

commercial  off  the  shelf 

DRC 

design  rule  checks 

EM 

electromagnetic 

GaAs 

gallium  arsenide 

GSG 

ground-signal-ground 

ENA 

low-noise  amplifier 

EVS 

layout  vs.  schematic 

MWO 

Microwave  Office 

NE 

noise  figure 

PA 

power  amplifier 

PAE 

power  added  efficiency 

PCB 

printed  circuit  board 

QEN 

quad  fiat  non-leaded 

RE 

radio  frequency 

REIC 

rf  integrated  circuit 

REID 

RE  identification 

SiGe 

silicon  germanium 

TR 

transmit/receive 
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